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DURABLE AND SCRATCH-RESISTANT
ANTI-REFLECTIVE ARTICLES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under 35
U.S.C. §119 of U.S. Provisional Application Ser. No. 62/142,
114 filed Apr. 2, 2015, U.S. Provisional Application Ser. No.
62/098,836 filed Dec. 31,2014, U.S. Provisional Application
Ser. No. 62/098,819 filed Dec. 31, 2014, U.S. Provisional
Application Ser. No. 62/028,014 filed Jul. 23, 2014, U.S.
Provisional Application Ser. No. 62/010,092 filed Jun. 10,
2014, and U.S. Provisional Application Ser. No. 61/991,656
filed May 12, 2014, the contents of which are relied upon and
incorporated herein by reference in their entirety.

BACKGROUND

The disclosure relates to durable and scratch resistant anti-
reflective articles and methods for making the same, and more
particularly to articles with multi-layer anti-reflective coat-
ings exhibiting abrasion resistance, scratch resistance, low
reflectivity, and colorless transmittance and/or reflectance.

Cover articles are often used to protect critical devices
within electronic products, to provide a user interface for
input and/or display, and/or many other functions. Such prod-
ucts include mobile devices, such as smart phones, mp3 play-
ers and computer tablets. Cover articles also include archi-
tectural articles, transportation articles (e.g., articles used in
automotive applications, trains, aircraft, sea craft, etc.), appli-
ance articles, or any article that requires some transparency,
scratch-resistance, abrasion resistance or a combination
thereof. These applications often demand scratch-resistance
and strong optical performance characteristics, in terms of
maximum light transmittance and minimum reflectance. Fur-
thermore, some cover applications require that the color
exhibited or perceived, in reflection and/or transmission, does
not change appreciably as the viewing angle is changed. In
display applications, this is because, if the color in reflection
or transmission changes with viewing angle to an appreciable
degree, the user of'the product will perceive a change in color
or brightness of the display, which can diminish the perceived
quality of the display. In other applications, changes in color
may negatively impact the aesthetic requirements or other
functional requirements.

The optical performance of cover articles can be improved
by using various anti-reflective coatings; however known
anti-reflective coatings are susceptible to wear or abrasion.
Such abrasion can compromise any optical performance
improvements achieved by the anti-reflective coating. For
example, optical filters are often made from multilayer coat-
ings having differing refractive indices and made from opti-
cally transparent dielectric material (e.g., oxides, nitrides,
and fluorides). Most of the typical oxides used for such opti-
cal filters are wide band-gap materials, which do not have the
requisite mechanical properties, such as hardness, for use in
mobile devices, architectural articles, transportation articles
orappliance articles. Nitrides and diamond-like coatings may
exhibit high hardness values but such materials do not exhibit
the transmittance needed for such applications.

Abrasion damage can include reciprocating sliding contact
from counter face objects (e.g., fingers). In addition, abrasion
damage can generate heat, which can degrade chemical bonds
in the film materials and cause flaking and other types of
damage to the cover glass. Since abrasion damage is often
experienced over a longer term than the single events that
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cause scratches, the coating materials disposed experiencing
abrasion damage can also oxidize, which further degrades the
durability of the coating.

Known anti-reflective coatings are also susceptible to
scratch damage and, often, even more susceptible to scratch
damage than the underlying substrates on which such coat-
ings are disposed. In some instances, a significant portion of
such scratch damage includes microductile scratches, which
typically include a single groove in a material having
extended length and with depths in the range from about 100
nm to about 500 nm. Microductile scratches may be accom-
panied by other types of visible damage, such as sub-surface
cracking, frictive cracking, chipping and/or wear. Evidence
suggests that a majority of such scratches and other visible
damage is caused by sharp contact that occurs in a single
contact event. Once a significant scratch appears on the cover
substrate, the appearance of the article is degraded since the
scratch causes an increase in light scattering, which may
cause significant reduction in brightness, clarity and contrast
of'images on the display. Significant scratches can also affect
the accuracy and reliability of articles including touch sensi-
tive displays. Single event scratch damage can be contrasted
with abrasion damage. Single event scratch damage is not
caused by multiple contact events, such as reciprocating slid-
ing contact from hard counter face objects (e.g., sand, gravel
and sandpaper), nor does it typically generate heat, which can
degrade chemical bonds in the film materials and cause flak-
ing and other types of damage. In addition, single event
scratching typically does not cause oxidization or involve the
same conditions that cause abrasion damage and therefore,
the solutions often utilized to prevent abrasion damage may
not also prevent scratches. Moreover, known scratch and
abrasion damage solutions often compromise the optical
properties.

Accordingly, there is a need for new cover articles, and
methods for their manufacture, which are abrasion resistant,
scratch resistant and have improved optical performance.

SUMMARY

Embodiments of durable and scratch resistant anti-reflec-
tive articles are described. In one or more embodiments, the
article includes a substrate and an optical coating disposed on
the major surface forming an anti-reflective surface. In one or
more embodiments, the optical coating includes an anti-re-
flective coating.

The article exhibits scratch resistance by exhibiting a maxi-
mum hardness of about 12 GPa or greater, as measured by a
Berkovich Indenter Hardness Test, as described herein, along
an indentation depth of about 50 nm or greater (e.g., about
100 nm or greater, from about 50 nm to about 300 nm, from
about 50 nm to about 400 nm, from about 50 nm to about 500
nm, from about 50 nm to about 600 nm, from about 50 nm to
about 1000 nm or from about 50 nm to about 2000 nm), on the
anti-reflective surface.

The article exhibits an abrasion resistance as measured on
the anti-reflective surface after a 500-cycle abrasion using a
Taber Test, as described herein. In one or more embodiments,
the article exhibits an abrasion resistance (as measured on the
anti-reflective surface) comprising about 1% haze or less, as
measured using a hazemeter having an aperture, wherein the
aperture has a diameter of about 8 mm. In one or more
embodiments, the article exhibits an abrasion resistance (as
measured on the anti-reflective surface) comprising an aver-
age roughness Ra, as measured by atomic force microscopy,
of about 12 nm or less. In one or more embodiments, the
article exhibits an abrasion resistance (as measured on the
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anti-reflective surface) comprising a scattered light intensity
of about 0.05 (in units of 1/steradian) or less, at a polar
scattering angle of about 40 degrees or less, as measured at
normal incidence in transmission using an imaging sphere for
scatter measurements, with a 2 mm aperture at 600 nm wave-
length. In some instances, the article exhibits an abrasion
resistance (as measured on the anti-reflective surface) com-
prising a scattered light intensity of about 0.1 (in units of
1/steradian) or less, at a polar scattering angle of about 20
degrees or less, as measured at normal incidence in transmis-
sion using an imaging sphere for scatter measurements, with
a 2 mm aperture at 600 nm wavelength.

The article of one or more embodiments exhibits superior
optical performance in terms of light transmittance and/or
light reflectance. In one or more embodiments, the article
exhibits an average light transmittance (measured on the anti-
reflective surface only) of about 92% or greater (e.g., about
98% or greater) over an optical wavelength regime (e.g., in
the range from about 400 nm to about 800 nm or from about
450 nm to about 650 nm). In some embodiments, the article
exhibits an average light reflectance (measured at the anti-
reflective surface only) of about 2% or less (e.g., about 1% or
less) over the optical wavelength regime. The article may
exhibits an average light transmittance or average light reflec-
tance having an average oscillation amplitude of about 1
percentage points or less over the optical wavelength regime.
In one or more embodiments, the article exhibits an average
photopic reflectance of about 1% or less at normal incidence,
as measured on only the anti-reflective surface. In some
embodiments, the article exhibits a single-side average pho-
topic reflectance, measured at normal or near-normal inci-
dence (e.g. 0-10 degrees) on the anti-reflective surface only of
less than about 10%. In some embodiments, the single-side
average photopic reflectance is about 9% or less, about 8% or
less, about 7% or less, about 6% or less, about 5% or less,
about 4% or less, about 3%, or about 2% or less.

In some instances, the article exhibits an angular color shift
(as described herein) of less than about 10 (e.g., 5 or less, 4 or
less, 3 or less, 2 or less or about 1 or less) from a reference
illumination angle to an incident illumination angle in the
range from about 2 degrees to about 60 degrees, when viewed
at the anti-reflective surface using an illuminant. Exemplary
illuminants include any one of CIE F2, CIE F10, CIE F11,
CIEF12 and CIE D65. In one or more embodiment, the article
may exhibit a b* value of less than about 2 in the CIE L*, a*,
b* colorimetry system at all incidence illumination angles in
the range from about 0 to about 60 degrees. Alternatively or
additionally, the article of some embodiments exhibits a
transmittance color (or transmittance color coordinates) and/
or a reflectance color (or reflectance color coordinates) mea-
sured at the anti-reflective surface at normal incidence having
a reference point color shift of less than about 2 from a
reference point, as defined herein. In one or more embodi-
ments, the reference point may be the origin (0, 0) in the
L*a*b* color space (or the color coordinates a*=0, b*=0 or
a*=-2 b*=-2) or the transmittance or reflectance color coor-
dinates of the substrate. The angular color shift, the reference
point color shift and the color coordinates (a* and/or b*)
described herein are observed under a D65 and/or F2 illumi-
nant. In some embodiments, the optical performance
described herein is observed under a F2 illuminant, which is
known to be more challenging due to the sharp spectral fea-
tures of the F2 illuminant source.

In one or more embodiments, the anti-reflective coating
may include a plurality of layers. For example, in some
embodiments, the anti-reflective coating includes a period
comprising a first low Rl layer and a second high RIlayer. The
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period may include a first low RI layer and a second high RI
disposed on the first low RI layer or vice versa. In some
embodiments, the period may include a third layer. The anti-
reflective coating may include a plurality of periods such that
the first low RI layer and the second high RI layer alternate.
The anti-reflective coating can include up to about 10 or 20
periods.

In some embodiments, the optical coating includes a
scratch resistant layer. Where scratch resistant layers are
included, such layers may be disposed on the anti-reflective
coating. In other embodiments, the scratch resistant coating is
disposed between the anti-reflective coating and the sub-
strate. Exemplary scratch resistant layers may exhibit a maxi-
mum hardness in the range from about 8 GPa to about 50 GPa
as measured by a Berkovitch Indenter Hardness Test, as
defined herein.

The scratch resistant layer may be disposed between the
substrate and the anti-reflective coating. In some embodi-
ments, the anti-reflective coating may include a first portion
and a second portion such that the scratch resistant layer is
disposed between the first portion and the second portion. The
thickness of the scratch-resistant layer may be in the range
from about 200 nanometers to about 3 micrometers.

In some embodiments, the article may include a layer
having a refractive index greater than about 1.8. Materials that
may be utilized in that layer include SiN,, SiO,N,, Si Al,
O,N,, AIN_, AIO,N, or a combination thereof.

In some instances, the article may include an additional
layer, such as an easy-to-clean coating, a diamond-like car-
bon (“DLC”) coating, a scratch-resistant coating or a combi-
nation thereof. Such coatings may be disposed on the anti-
reflective coating or between layers of the anti-reflective
coating.

The substrate utilized in one or more embodiments of the
article can include an amorphous substrate or a crystalline
substrate. An of an amorphous substrate includes glass that
may be selected from the group consisting of soda lime glass,
alkali aluminosilicate glass, alkali containing borosilicate
glass and alkali aluminoborosilicate glass. In some embodi-
ments, the glass may be strengthened and may include a
compressive stress (CS) layer with a surface CS of at least 250
MPa extending within the strengthened glass from a surface
of the chemically strengthened glass to a depth of layer
(DOL) of at least about 10 pm.

Additional features and advantages will be set forth in the
detailed description which follows, and in part will be readily
apparent to those skilled in the art from that description or
recognized by practicing the embodiments as described
herein, including the detailed description which follows, the
claims, as well as the appended drawings.

It is to be understood that both the foregoing general
description and the following detailed description are merely
exemplary, and are intended to provide an overview or frame-
work to understanding the nature and character of the claims.
The accompanying drawings are included to provide a further
understanding, and are incorporated in and constitute a part of
this specification. The drawings illustrate one or more
embodiment(s), and together with the description serve to
explain principles and operation of the various embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is aside view of an article, according to one or more
embodiments;

FIG. 2 is a side view of an article, according to one or more
specific embodiments;
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FIG. 3 is a side view of an article, according to one or more
embodiments;

FIG. 4 is a side view of an article, according to one or more
embodiments;

FIG. 5 is a side view of an article, according to one or more
embodiments;

FIG. 6 is a side view of an article, according to one or more
embodiments;

FIG. 7 is a side view of an article, according to one or more
embodiments;

FIG. 8 is a side view of an article according Example 1;

FIG. 9 is a single-sided reflectance spectra of the article of
Example 2, showing the reflectance as the incident illumina-
tion angle changes from 0° to about 60°;

FIG.10is areflected color spectra of the article of Example
2 showing the reflected color under different illuminants at
different viewing angles, using a 10° observer;

FIG. 11 is a single-sided reflectance spectra of the article of
Example 3, showing the reflectance as the incident illumina-
tion angle changes from 0° to about 60°;

FIG. 12 is areflected color spectra of the article of Example
3 showing the reflected color under different illuminants at
different viewing angles, using a 10° observer;

FIG. 13 is a reflectance spectra of Modeled Example 8,
calculated from the anti-reflective surface only, at different
viewing angles, using a 10° observer;

FIG. 14 is a reflected color of the article of Example 8
showing the reflected color under different illuminants at
different viewing angles, using a 10° observer;

FIG. 15 is a reflectance spectra of Modeled Example 9,
calculated from the anti-reflective surface only, at different
viewing angles, using a 10° observer;

FIG. 16 is a reflected color of the article of Example 9
showing the reflected color under different illuminants at
different viewing angles, using a 10° observer;

FIG. 17 is a reflectance spectra of Modeled Example 10,
calculated from the anti-reflective surface only, at different
viewing angles, using a 10° observer;

FIG. 18 is a reflected color of the article of Example 10
showing the reflected color under different illuminants at
different viewing angles, using a 10° observer;

FIG. 19 is a reflectance spectra of Modeled Example 11,
calculated from the anti-reflective surface only, at different
viewing angles, using a 10° observer;

FIG. 20 is a reflected color of the article of Example 11
showing the reflected color under different illuminants at
different viewing angles, using a 10° observer; and

FIG. 21 is a graph illustrating the hardness measurements
as a function of indentation depth and coating thickness.

DETAILED DESCRIPTION

Reference will now be made in detail to various embodi-
ments, examples of which are illustrated in the accompanying
drawings.

Referring to FIG. 1, the article 100 according to one or
more embodiments may include a substrate 110, and an opti-
cal coating 120 disposed on the substrate. The substrate 110
includes opposing major surfaces 112, 114 and opposing
minor surfaces 116, 118. The optical coating 120 is shown in
FIG. 1 as being disposed on a first opposing major surface
112; however, the optical coating 120 may be disposed on the
second opposing major surface 114 and/or one or both of the
opposing minor surfaces, in addition to or instead of being
disposed on the first opposing major surface 112. The optical
coating 120 forms an anti-reflective surface 122.
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The optical coating 120 includes at least one layer of at
least one material. The term “layer” may include a single
layer or may include one or more sub-layers. Such sub-layers
may be in direct contact with one another. The sub-layers may
be formed from the same material or two or more different
materials. In one or more alternative embodiments, such sub-
layers may have intervening layers of different materials dis-
posed therebetween. In one or more embodiments a layer may
include one or more contiguous and uninterrupted layers
and/or one or more discontinuous and interrupted layers (i.e.,
a layer having different materials formed adjacent to one
another). A layer or sub-layers may be formed by any known
method in the art, including discrete deposition or continuous
deposition processes. In one or more embodiments, the layer
may be formed using only continuous deposition processes,
or, alternatively, only discrete deposition processes.

The thickness of the optical coating 120 may be about 1 pm
or greater while still providing an article that exhibits the
optical performance described herein. In some examples, the
optical coating 120 thickness may be in the range from about
1 um to about 20 um (e.g., from about 1 pm to about 10 pm,
or from about 1 pm to about 5 pm).

As used herein, the term “dispose” includes coating,
depositing and/or forming a material onto a surface using any
known method in the art. The disposed material may consti-
tute a layer, as defined herein. The phrase “disposed on”
includes the instance of forming a material onto a surface
such that the material is in direct contact with the surface and
also includes the instance where the material is formed on a
surface, with one or more intervening material(s) is between
the disposed material and the surface. The intervening mate-
rial(s) may constitute a layer, as defined herein.

As shown in FIG. 2, the optical coating 120 includes an
anti-reflective coating 130, which may include a plurality of
layers (130A, 130B). In one or more embodiments, the anti-
reflective coating 130 may include a period 132 comprising
two or more layers. In one or more embodiments, the two or
more layers may be characterized as having different refrac-
tive indices from each another. In one embodiment, the period
132 includes a first low RI layer 130A and a second high RI
layer 130B. The difference in the refractive index of the first
low RI layer and the second high RI layer may be about 0.01
or greater, 0.05 or greater, 0.1 or greater or even 0.2 or greater.

As shown in FIG. 2, the anti-reflective coating 130 may
include a plurality of periods (132). A single period includes
include a first low RI layer 130A and a second high RI layer
130B, such that when a plurality of periods are provided, the
firstlow Rl layer 130A (designated forillustration as “[.”") and
the second high RI layer 130B (designated for illustration as
“H”) alternate in the following sequence of layers: L/H/L/H
or H/LL/H/L, such that the first low RI layer and the second
high RI layer appear to alternate along the physical thickness
of'the anti-reflective coating 120. In the example in FIG. 2, the
anti-reflective coating 130 includes three periods. In some
embodiments, the anti-reflective coating 130 may include up
to 25 periods. For example, the anti-reflective coating 130
may include from about 2 to about 20 periods, from about 2 to
about 15 periods, from about 2 to about 10 periods, from
about 2 to about 12 periods, from about 3 to about 8 periods,
from about 3 to about 6 periods.

In the embodiment shown in FIG. 3, the anti-reflective
coating 130 may include an additional capping layer 131,
which may include a lower refractive index material than the
second high RI layer 130B. In some embodiments, the period
132 may include one or more third layers 130C, as shown in
FIG. 3. The third layer(s) 130C may have a low R, a high RI
or a medium RI. In some embodiments, the third layer(s)
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130C may have the same RI as the first low RI layer 130A or
the second high RI layer 130B. In other embodiments, the
third layer(s) 130C may have a medium RI that is between the
RIofthe first low RI layer 130A and the RI of the second high
RI layer 130B. Alternatively, the third layer(s) 130C may
have a refractive index greater than the 2”¢ high RI layer
130B. The third layer may be provided in the anti-reflective
coating 120 in the following exemplary configurations:
tave/ LHIL; Hypy 10 /WAL LIVL/H/
layers H/L/H/L/H 4 layers Zayer/ H/L/H/L/
Hira layers Hira Zayer/ L/H/L/A/L 150 layers Loira Zayer/ L/H/L/
B Hpwa  taye/HWUHL; WAL 0y gapers LAL/H/
Hira layers Lovira Zayer/ L/H/L/H/H s, layers H,ira Zayer/ H/L/H/
L/L i layer; LIM . e,/ HVL/IM/H; HIM/L/H/MYL; M/L/
H/L/M; and other combinations. In these configurations, “L.”
without any subscript refers to the first low RI layer and “H”
without any subscript refers to the second high RI layer.
Reference 10 “L,,y sup-1ayer tefers to a third layer having a
low RL “Hyrz su-tayer” refers to a third layer having a high RI
and “M” refers to a third layer having a medium RI, all
relative to the 1° layer and the 27 layer.

As used herein, the terms “low RI”, “high RI” and
“medium RI” refer to the relative values for the RI to another
(e.g., low RI<medium RI<high RI). In one or more embodi-
ments, the term “low RI” when used with the first low R1 layer
or with the third layer, includes a range from about 1.3 to
about 1.7 or 1.75. In one or more embodiments, the term
“high RI” when used with the second high RI layer or with the
third layer, includes a range from about 1.7 to about 2.5 (e.g.,
about 1.85 or greater). In some embodiments, the term
“medium RI” when used with the third layer, includes a range
from about 1.55to about 1.8. In some instances, the ranges for
low RI, high RI and medium RI may overlap; however, in
most instances, the layers of the anti-reflective coating 130
have the general relationship regarding RI of low
RI<medium RI<high RI.

The third layer(s) 130C may be provided as a separate layer
from a period 132 and may be disposed between the period or
plurality of periods and the capping layer 131, as shown in
FIG. 4. The third layer(s) may also be provided as a separate
layer from a period 132 and may have disposed between the
substrate 110 and the plurality of periods 132, as shown in
FIG. 5. The third layer(s) 130C may be used in addition to an
additional coating 140 instead of the capping 131 or in addi-
tion to the capping layer, as shown in FIG. 6.

Exemplary materials suitable for use in the anti-reflective
coating 130 include: S8i0,, Al,O;, GeO,, SiO, AlOxNy, AIN,
SiNx, SiO,N,, 8i,AlL O N, Ta,05, Nb,Os, TiO,, ZrO,, TiN,
MgO, MgF,, BaF,, CaF,, SnO,, HfO,, Y,O;, MoO,, DyF,,
YbF;, YF;, CeF,, polymers, fluoropolymers, plasma-poly-
merized polymers, siloxane polymers, silsesquioxanes, poly-
imides, fluorinated polyimides, polyetherimide, polyether-
sulfone, polyphenylsulfone, polycarbonate, polyethylene
terephthalate, polyethylene naphthalate, acrylic polymers,
urethane polymers, polymethylmethacrylate, other materials
cited below as suitable for use in a scratch-resistant layer, and
other materials known in the art. Some examples of suitable
materials for use in the first low RI layer include SiO,, Al, O,
GeO,, Si0, AIO,N, SiON,, 8i,AlLO.N , MgO, MgAl,0,,
MgF,, BaF,, CaF,, DyF;, YbF;, YF;, and CeF;. The nitrogen
content of the materials for use in the first low RI1layer may be
minimized (e.g., in materials such as Al,O; and MgAl,O,).
Some examples of suitable materials for use in the second
high RI layer include Si, Al,O,N,, Ta,O5, Nb,Os, AN,
SizN,, AIO N, SiO,N,, HfO,, TiO,, ZrO,, Y,0;, Al,O;,
MoO; and diamond-like carbon. The oxygen content of the
materials for the second high RI layer and/or the scratch-
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8

resistant layer may be minimized, especially in SiNx or AINx
materials. AlIO,N, materials may be considered to be oxygen-
doped AINXx, that is they may have an AINX crystal structure
(e.g. wurtzite) and need not have an AION crystal structure.
Exemplary preferred AIO, N, high Rl materials may comprise
from about 0 atom % to about 20 atom % oxygen, or from
about 5 atom % to about 15 atom % oxygen, while including
30 atom % to about 50 atom % nitrogen. Exemplary preferred
Si,AlLO, N, high RI materials may comprise from about 10
atom % to about 30 atom % or from about 15 atom % to about
25 atom % silicon, from about 20 atom % to about 40 atom %
or from about 25 atom % to about 35 atom % aluminum, from
about 0 atom % to about 20 atom % or from about 1 atom %
to about 20 atom % oxygen, and from about 30 atom % to
about 50 atom % nitrogen. The foregoing materials may be
hydrogenated up to about 30% by weight. Where a material
having a medium refractive index is desired, some embodi-
ments may utilize MN and/or SiO,N,. The hardness of the
second high RIlayer and/or the scratch-resistant layer may be
characterized specifically. In some embodiments, the maxi-
mum hardness of the second high Rl layer and/or the scratch-
resistant layer, as measured by the Berkovitch Indenter Hard-
ness Test, may be about 8 GPa or greater, about 10 GPa or
greater, about 12 GPa or greater, about 15 GPa or greater,
about 18 GPa or greater, or about 20 GPa or greater. In some
cases, the second high RI layer material may be deposited as
a single layer and may be characterized as a scratch resistant
layer, and this single layer may have a thickness between
about 500 and 2000 nm for repeatable hardness determina-
tion.

In one or more embodiments at least one of the layer(s) of
the anti-reflective coating 130 may include a specific optical
thickness range. As used herein, the term “optical thickness”
is determined by (n*d), where “n” refers to the RI of the
sub-layer and “d” refers to the physical thickness of the layer.
In one or more embodiments, at least one of the layers of the
anti-reflective coating 130 may include an optical thickness in
the range from about 2 nm to about 200 nm, from about 10 nm
to about 100 nm, from about 15 nm to about 100 nm, from
about 15 to about 500 nm, or from about 15 to about 5000 nm.
In some embodiments, all of the layers in the anti-reflective
coating 130 may each have an optical thickness in the range
from about 2 nm to about 200 nm, from about 10 nm to about
100 nm, from about 15 nm to about 100 nm, from about 15 to
about 500 nm, or from about 15 to about 5000 nm. In some
cases, at least one layer of the anti-reflective coating 130 has
an optical thickness of about 50 nm or greater. In some cases,
each of the first low Rl layers have an optical thickness in the
range from about 2 nm to about 200 nm, from about 10 nm to
about 100 nm, from about 15 nm to about 100 nm, from about
15 to about 500 nm, or from about 15 to about 5000 nm. In
other cases, each of the second high RI layers have an optical
thickness in the range from about 2 nm to about 200 nm, from
about 10 nm to about 100 nm, from about 15 nm to about 100
nm, from about 15 to about 500 nm, or from about 15 to about
5000 nm. In yet other cases, each of the third layers have an
optical thickness in the range from about 2 nm to about 200
nm, from about 10 nm to about 100 nm, from about 15 nm to
about 100 nm, from about 15 to about 500 nm, or from about
15 to about 5000 nm.

In some embodiments, the thickness of one or more of the
layers of the optical coating 130 may be minimized. In one or
more embodiments, the thickness of the thickness of the high
RIlayer(s) and/or the medium RI layer(s) are minimized such
that they are less than about 500 nm. In one or more embodi-
ments, the combined thickness of the high RI layer(s), the
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medium RI (layers) and/or the combination of the high RIand
medium RI layers is less than about 500 nm.

In some embodiments, the amount of low RI material in the
optical coating may be minimized Without being bound by
theory, the low RI material is typically also a lower-hardness
material, owing to the nature of atomic bonding and electron
densities that simultaneously affect refractive index and hard-
ness, and thus minimizing such material can maximize the
hardness, while maintaining the reflectance and color perfor-
mance described herein. Expressed as a fraction of physical
thickness of the optical coating, the low RI material may
comprise less than about 60%, less than about 50%, less than
about 40%, less than about 30%, less than about 20%, less
than about 10%, or less than about 5% of the physical thick-
ness of the optical coating. Alternately or additionally, the
amount of low RI material may be quantified as the sum of the
physical thicknesses of all layer of low RI material that are
disposed above the thickest high RI layer in the optical coat-
ing (i.e. on the side opposite the substrate, user side or air
side). Without being bound by theory, the thick high RI layer
having a high hardness effectively shields the layers under-
neath (or between the thick RI layer and the substrate) from
many or most scratches. Accordingly, the layers disposed
above the thickest high RI layer may have an outsized effect
on scratch resistance of the overall article. This is especially
relevant when the thickest high RI layer has a physical thick-
ness that is greater than about 400 nm and has a hardness
greater than about 12 GPa as measured by the Berkovich
Indenter Hardness Test. The amount of low RI material dis-
posed on the thickest high RI layer (i.e. on the side opposite
the substrate, user side or air side) may have a thickness less
than or equal to about 150 nm, less than or equal to about 120
nm, less than or equal to about 110 nm, 100 nm, 90 nm, 80 nm,
70 nm, 60 nm, 50 nm, 40 nm, 30 nm, 25 nm, 20 nm, 15 nm, or
less than or equal to about 12 nm.

In some embodiments, the top-most air-side layer may
comprise a high RI layer that also exhibits high hardness, as
shown in Modeled Examples 8-9. In some embodiments, an
additional coating 140 may be disposed on top of this top-
most air-side high RI layer (e.g., the additional coating may
include low-friction coating, an oleophobic coating, or an
easy-to-clean coating). Moreover, as illustrated by Modeled
Example 10, the addition of a low RI layer having a very low
thickness (e.g., about 10 nm or less, about 5 nm or less or
about 2 nm or less) has minimal influence on the optical
performance, when added to the top-most air-side layer com-
prising a high RI layer. The low RI layer having a very low
thickness may include SiO,, an oleophobic or low-friction
layer, or a combination of SiO, and an oleophobic material.
Exemplary low-friction layers may include diamond-like car-
bon, such materials (or one or more layers of the optical
coating) may exhibit a coefficient of friction less than 0.4, less
than 0.3, less than 0.2, or even less than 0.1.

In one or more embodiments, the anti-reflective coating
130 has a physical thickness of about 800 nm or less. The
anti-reflective coating 130 may have a physical thickness in
the range from about 10 nm to about 800 nm, from about 50
nm to about 800 nm, from about 100 nm to about 800 nm,
from about 150 nm to about 800 nm, from about 200 nm to
about 800 nm, from about 10 nm to about 750 nm, from about
10 nm to about 700 nm, from about 10 nm to about 650 nm,
from about 10 nm to about 600 nm, from about 10 nm to about
550 nm, from about 10 nm to about 500 nm, from about 10 nm
to about 450 nm, from about 10 nm to about 400 nm, from
about 10 nm to about 350 nm, from about 10 nm to about 300
nm, from about 50 to about 300, and all ranges and sub-ranges
therebetween.
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In one or more embodiments, the combined physical thick-
ness of the second high RI layer(s) may be characterized. For
example, in some embodiments, the combined thickness of
the second high RI layer(s) may be about 100 nm or greater,
about 150 nm or greater, about 200 nm or greater, about 500
nm or greater. The combined thickness is the calculated com-
bination of the thicknesses of the individual high RI layer(s)
in the anti-reflective coating 130, even when there are inter-
vening low RI layer(s) or other layer(s). In some embodi-
ments, the combined physical thickness ofthe second high RI
layer(s), which may also comprise a high-hardness material
(e.g., anitride or an oxynitride material), may be greater than
30% of the total physical thickness of the anti-reflective coat-
ing. For example, the combined physical thickness of the
second high RI layer(s) may be about 40% or greater, about
50% or greater, about 60% or greater, about 70% or greater,
about 75% or greater, or even about 80% or greater, of the
total physical thickness of the anti-reflective coating. Addi-
tionally or alternatively, the amount of the high refractive
index material, which may also be a high-hardness material,
included in the optical coating may be characterized as a
percentage of the physical thickness of the upper most (i.e.,
user side or side of the optical coating opposite the substrate)
500 nm of the article or optical coating 120. Expressed as a
percentage of the upper most 500 nm of the article or optical
coating, the combined physical thickness of the second high
RI layer(s) (or the thickness of the high refractive index
material) may be about 50% or greater, about 60% or greater,
about 70% or greater, about 80% or greater, or even about
90% or greater. In some embodiments, greater proportions of
hard and high-index material within the anti-reflective coat-
ing can also simultaneously be made to also exhibit low
reflectance, low color, and high abrasion resistance as further
described elsewhere herein. In one or more embodiments, the
second high RI layers may include a material having a refrac-
tive index greater than about 1.85 and the first low RI layers
may include a material having a refractive index less than
about 1.75. In some embodiments, the second high RI layers
may include a nitride or an oxynitride material. In some
instances, the combined thickness of all the first low Rl layers
in the optical coating (or in the layers that are disposed on the
thickest second high RI layer of the optical coating) may be
about 200 nm or less (e.g., about 150 nm or less, about 100 nm
or less, about 75 nm or less, or about 50 nm or less).

In some embodiments, the anti-reflective coating 130
exhibits an average light reflectance of about 9% or less,
about 8% or less, about 7% or less, about 6% or less, about 5%
or less, about 4% or less, about 3% or less, or about 2% or less
over the optical wavelength regime, when measured at the
anti-reflective surface 122 only (e.g., when removing the
reflections from an uncoated back surface (e.g.,114in FIG. 1)
of the article, such as through using index-matching oils on
the back surface coupled to an absorber, or other known
methods). The average reflectance (which may be a photopic
average) may be in the range from about 0.4% to about 9%,
from about 0.4% to about 8%, from about 0.4% to about 7%,
from about 0.4% to about 6%, or from about 0.4% to about
5% and all ranges therebetween. In some instances, the anti-
reflective coating 120 may exhibit such average light reflec-
tance over other wavelength ranges such as from about 450
nm to about 650 nm, from about 420 nm to about 680 nm,
from about 420 nm to about 700 nm, from about 420 nm to
about 740 nm, from about 420 nm to about 850 nm, or from
about 420 nm to about 950 nm. In some embodiments, the
anti-reflective surface 122 exhibits an average light transmis-
sion of about 90% or greater, 92% or greater, 94% or greater,
96% or greater, or 98% or greater, over the optical wavelength
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regime. Unless otherwise specified, the average reflectance or
transmittance is measured at an incident illumination angle
from about 0 degrees to about 10 degrees (however, such
measurements may be provided at incident illumination
angles of 45 degrees or 60 degrees).

The article 100 may include one or more additional coat-
ings 140 disposed on the anti-reflective coating, as shown in
FIG. 6. In one or more embodiments, the additional coating
may include an easy-to-clean coating. An example of a suit-
able an easy-to-clean coating is described in U.S. patent
application Ser. No. 13/690,904, entitled “PROCESS FOR
MAKING OF GLASS ARTICLES WITH OPTICAL AND
EASY-TO-CLEAN COATINGS,” filed on Nov. 30, 2012,
which is incorporated herein in its entirety by reference. The
easy-to-clean coating may have a thickness in the range from
about 5 nm to about 50 nm and may include known materials
such as fluorinated silanes. In some embodiments, the easy-
to-clean coating may have a thickness in the range from about
1 nm to about 40 nm, from about 1 nm to about 30 nm, from
about 1 nm to about 25 nm, from about 1 nm to about 20 nm,
from about 1 nm to about 15 nm, from about 1 nm to about 10
nm, from about 5 nm to about 50 nm, from about 10 nm to
about 50 nm, from about 15 nm to about 50 nm, from about 7
nm to about 20 nm, from about 7 nm to about 15 nm, from
about 7 nm to about 12 nm or from about 7 nm to about 10 nm,
and all ranges and sub-ranges therebetween.

The additional coating 140 may include a scratch resistant
layer or layers. In some embodiments, the additional coating
140 includes a combination of easy-to-clean material and
scratch resistant material. In one example, the combination
includes an easy-to-clean material and diamond-like carbon.
Such additional coatings 140 may have a thickness in the
range from about 5 nm to about 20 nm. The constituents of the
additional coating 140 may be provided in separate layers.
For example, the diamond-like carbon may be disposed as a
first layer and the easy-to clean can be disposed as a second
layer on the first layer of diamond-like carbon. The thick-
nesses of the first layer and the second layer may be in the
ranges provided above for the additional coating. For
example, the first layer of diamond-like carbon may have a
thickness of about 1 nm to about 20 nm or from about 4 nm to
about 15 nm (or more specifically about 10 nm) and the
second layer of easy-to-clean may have a thickness of about 1
nm to about 10 nm (or more specifically about 6 nm). The
diamond-like coating may include tetrahedral amorphous
carbon (Ta—C), Ta—C:H, and/or a-C—H.

As mentioned herein, the optical coating 120 may include
a scratch resistant layer 150 or coating (when a plurality of
scratch resistant layers are utilized), which may be disposed
between the anti-reflective coating 130 and the substrate 110.
In some embodiment, the scratch resistant layer 150 or coat-
ing is disposed between the layers of the anti-reflective coat-
ing 130 (such as 150 as shown in FIG. 7 or 345 as shown in
FIG. 8). The two sections of the anti-reflective coating (i.e., a
first section disposed between the scratch resistant layer 150
and the substrate 110, and a second section disposed on the
scratch resistant layer) may have a different thickness from
one another or may have essentially the same thickness as one
another. The layers of the two sections of the anti-reflective
coating may be the same in composition, order, thickness
and/or arrangement as one another or may differ from one
another.

Exemplary materials used in the scratch resistant layer 150
or coating (or the scratch-resistant layer/coating used as an
additional coating 140) may include an inorganic carbide,
nitride, oxide, diamond-like material, or combination of
these. Examples of suitable materials for the scratch resistant
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layer or coating include metal oxides, metal nitrides, metal
oxynitride, metal carbides, metal oxycarbides, and/or combi-
nations thereof combination thereof. Exemplary metals
include B, Al, Si, Ti, V, Cr, Y, Zr, Nb, Mo, Sn, Hf, Ta and W.
Specific examples of materials that may be utilized in the
scratch resistant layer or coating may include Al,O;, MN,

AlION,, S.i3N4, Si.OxNy, SiuAlvaN » diamond, diamc.)nd-.like
carbon, Si,.C,, 8i,0,C,, ZrO,, TiO,N, and combinations

thereof. The scratch resistant layer or coating may also com-
prise nanocomposite materials, or materials with a controlled
microstructure to improve hardness, toughness, or abrasion/
wear resistance. For example the scratch resistant layer or
coating may comprise nanocrystallites in the size range from
about 5 nm to about 30 nm. In embodiments, the scratch
resistant layer or coating may comprise transformation-
toughened zirconia, partially stabilized zirconia, or zirconia-
toughened alumina. In embodiments, the scratch resistant
layer or coating exhibits a fracture toughness value greater
than about 1 MPav'm and simultaneously exhibits a hardness
value greater than about 8 GPa.

The scratch resistant layer may include a single layer 150
(as shown in FIG. 7), multiple sub-layers or sub-layers or
single layers that exhibit a refractive index gradient 345 (as
shown in FIG. 8). Where multiple layers are used, such layers
form a scratch resistant coating 845. For example, a scratch
resistant coating 845 may include a compositional gradient of
Si, Al O, N, where the concentration of any one or more of Si,
Al, O and N are varied to increase or decrease the refractive
index. The refractive index gradient may also be formed using
porosity. Such gradients are more fully described in U.S.
patent application Ser. No. 14/262,224, entitled “Scratch-
Resistant Articles with a Gradient Layer”, filed on Apr. 28,
2014, which is hereby incorporated by reference in its
entirety.

The composition of the scratch resistant layer or coating
may be modified to provide specific properties (e.g., hard-
ness). In one or more embodiments, the scratch resistant layer
or coating exhibits a maximum hardness in the range from
about 5 GPa to about 30 GPa as measured on a major surface
of the scratch resistant layer or coating, by the Berkovitch
Indenter Hardness Test. In one or more embodiments, the
scratch resistant layer or coating exhibits a maximum hard-
ness in the range from about 6 GPa to about 30 GPa, from
about 7 GPa to about 30 GPa, from about 8 GPa to about 30
GPa, from about 9 GPa to about 30 GPa, from about 10 GPa
to about 30 GPa, from about 12 GPa to about 30 GPa, from
about 5 GPa to about 28 GPa, from about 5 GPa to about 26
GPa, from about 5 GPa to about 24 GPa, from about 5 GPa to
about 22 GPa, from about 5 GPa to about 20 GPa, from about
12 GPa to about 25 GPa, from about 15 GPato about 25 GPa,
from about 16 GPa to about 24 GPa, from about 18 GPa to
about 22 GPa and all ranges and sub-ranges therebetween. In
one or more embodiments, the scratch resistant coating may
exhibit a maximum hardness that is greater than 15 GPa,
greater than 20 GPa, or greater than 25 GPa. In one or more
embodiments, the scratch resistant layer exhibits a maximum
hardness in the range from about 15 GPa to about 150 GPa,
from about 15 GPa to about 100 GPa, or from about 18 GPa
to about 100 GPa. Maximum hardness is the highest hardness
value measured over a range of indentation depths. Such
maximum hardness values are exhibited along an indentation
depth of about 50 nm or greater or 100 nm or greater (e.g.,
from about 100 nm to about 300 nm, from about 100 nm to
about 400 nm, from about 100 nm to about 500 nm, from
about 100 nm to about 600 nm, from about 200 nm to about
300 nm, from about 200 nm to about 400 nm, from about 200
nm to about 500 nm, or from about 200 nm to about 600 nm).
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The physical thickness of the scratch resistant coating or
layer may be in the range from about 1 nm to about 5 um. In
some embodiments, the physical thickness of the scratch
resistant coating may be in the range from about 1 nm to about
3 um, from about 1 nm to about 2.5 um, from about 1 nm to
about 2 um, from about 1 nm to about 1.5 um, from about 1
nm to about 1 um, from about 1 nm to about 0.5 um, from
about 1 nm to about 0.2 um, from about 1 nm to about 0.1 pm,
from about 1 nm to about 0.05 um, from about 5 nm to about
0.05 pum, from about 10 nm to about 0.05 pum, from about 15
nm to about 0.05 um, from about 20 nm to about 0.05 pum,
from about 5 nm to about 0.05 um, from about 200 nm to
about 3 um, from about 400 nm to about 3 um, from about 800
nm to about 3 um, and all ranges and sub-ranges therebe-
tween. In some embodiments, the physical thickness of the
scratch resistant coating may be in the range from about 1 nm
to about 25 nm. In some instances, the scratch-resistant layer
may include a nitride or an oxy-nitride material and may have
a thickness of about 200 nm or greater, 500 nm or greater or
about 1000 nm or greater.

The article of one or more embodiments may be described
as abrasion resistant as measured by various methods, after
being abraded on the anti-reflective surface 122 according to
a Taber Test after at least about 500 cycles. Various forms of
abrasion test are known in the art, such as the test method
specified in ASTM D1044-99, using abrasive media supplied
by Taber Industries. Modified abrasion methods related to
ASTM D1044-99 can be created using different types of
abrading media, abradant geometry and motion, pressure, etc.
in order to provide repeatable and measurable abrasion or
wear tracks to meaningfully differentiate the abrasion resis-
tance of different samples. For example, different test condi-
tions will usually be appropriate for soft plastics vs. hard
inorganic test samples. The embodiments described herein
were subjected to a Taber Test, as defined herein, which is a
specific modified version of ASTM D1044-99 that gives clear
and repeatable differentiation of durability between different
samples which comprise primarily hard inorganic materials,
such as oxide glasses and oxide or nitride coatings. As used
herein, the phrase “Taber Test” refers to a test method using a
Taber Linear Abraser 5750 (TLA 5750) and accessories sup-
plied by Taber Industries, in an environment including a tem-
perature of about 22° C.£3° C. and Relative Humidity of up to
about 70%. The TLA 5750 includes a CS-17 abraser material
having a 6.7 mm diameter abraser head. Each sample was
abraded according to the Taber Test and the abrasive damage
was evaluated using both Haze and Bidirectional Transmit-
tance Distribution Function (CCBTDF) measurements,
among other methods. In the Taber Test, the procedure for
abrading each sample includes placing the TLA 5750 and a
flat sample support on a rigid, flat surface and securing the
TLA 5750 and the sample support to the surface. Before each
sample is abraded under the Taber Test, the abraser is refaced
using a new S-14 refacing strip adhered to glass. The abraser
is subjected to 10 refacing cycles using a cycle speed of 25
cycles/minute and stroke length of 1 inch, with no additional
weight added (i.e., a total weight ofabout 350 g is used during
refacing, which is the combined weight of the spindle and
collet holding the abraser). The procedure then includes oper-
ating the TL A 5750 to abrade the sample, where the sample is
placed in the sample support in contact with the abraser head
and supporting the weight applied to the abraser head, using
a cycle speed of 25 cycles/minute, and a stroke length of 1
inch, and a weight such that the total weight applied to the
sample is 850 g (i.e., a 500 g auxiliary weight is applied in
addition to the 350 g combined weight of the spindle and
collet). The procedure includes forming two wear tracks on
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each sample for repeatability, and abrading each sample for
500 cycle counts in each of the two wear tracks on each
sample.

In one or more embodiments, the anti-reflective surface
122 ofthe article 100 is abraded according to the above Taber
Test and the article exhibits a haze of about 10% of less, as
measured on the abraded side using a hazemeter supplied by
BYK Gardner under the trademark Haze-Gard Plus®, using
an aperture over the source port, the aperture having a diam-
eter of 8 mm.

The article 100 of one or more embodiments exhibits such
abrasion resistance with and without any additional coatings
(including the additional coating 140, which will be described
herein). In some embodiments, the haze may be about 9% or
less, about 8% or less, about 7% or less, about 6% or less,
about 5% or less, about 4% or less, about 3% or less, about 2%
or less, about 1% or less, about 0.5% or less or about 0.3% or
less. In some specific embodiments, the article 100 exhibits a
haze in the range from about 0.1% to about 10%, from about
0.1% to about 9%, from about 0.1% to about 8%, from about
0.1% to about 7%, from about 0.1% to about 6%, from about
0.1% to about 5%, from about 0.1% to about 4%, from about
0.1% to about 3%, from about 0.1% to about 2%, from about
0.1% to about 1%, 0.3% to about 10%, from about 0.5% to
about 10%, from about 1% to about 10%, from about 2% to
about 10%, from about 3% to about 10%, from about 4% to
about 10%, from about 5% to about 10%, from about 6% to
about 10%, from about 7% to about 10%, from about 1% to
about 8%, from about 2% to about 6%, from about 3% to
about 5%, and all ranges and sub-ranges therebetween.

Alternate methods for quantifying the abrasion resistance
are also contemplated here. In one or more embodiments,
article 100 abraded by the Taber Test on the anti-reflective
surface 122 may exhibit an abrasion resistance as measured
by atomic force microscopy (AFM) surface profiling, which
may be carried out for example over an 80x80 micron area, or
multiple 80x80 micron areas (to sample a larger portion of the
abraded area) of the anti-reflective surface 122. From these
AFM surface scans, surface roughness statistics such as RMS
roughness, Ra roughness, and peak-to-valley surface height
may be evaluated. In one or more embodiments, the article
100 (or specifically, the anti-reflective surface 122) may
exhibit average surface roughness (Ra) values of about 50 nm
orless, about 25 nm or less, about 12 nm or less, about 10 nm
or less, or about 5 nm or less, after being abraded under the
Taber Test described above.

Inone or more embodiments, the article 100 may exhibit an
abrasion resistance, after the anti-reflective surface 122 is
abraded by the Taber Test as measured by a light scattering
measurement. In one or more embodiments, the light scatter-
ing measurement includes a bi-directional reflectance distri-
bution function (BRDF) or bi-directional transmittance dis-
tribution function (BTDF) measurement carried out using a
Radiant Zemax IS-SA™ instrument. This instrument has the
flexibility to measure light scattering using any input angle
from normal to about 85 degrees incidence in reflection, and
from normal to about 85 degrees incidence in transmission,
while also capturing all scattered light output in either reflec-
tion or transmission into 2*Pi steradians (a full hemisphere in
reflection or transmission). In one embodiment, the article
100 exhibits an abrasion resistance, as measured using BTDF
at normal incidence and analyzing the transmitted scattered
light at a selected angular range, for example from about 10°
to about 80° degrees in polar angles and any angular range
therein. The full azimuthal range of angles can be analyzed
and integrated, or particular azimuthal angular slices can be
selected, for example from about 0° and 90° azimuthally. In
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the case of linear abrasion, it may be desired to choose an
azimuthal direction that is substantially orthogonal to the
abrasion direction so as to increase signal-to-noise of the
optical scattering measurement. In one or more embodi-
ments, the article 100 may exhibit a scattered light intensity as
measured at the anti-reflective coating 120, of about less than
about 0.1, about 0.05 or less, about 0.03 or less, about 0.02 or
less, about 0.01 or less, about 0.005 or less, or about 0.003 or
less (in units of 1/steradian), when using the Radiant Zemax
IS-SA tool in CCBTDF mode at normal incidence in trans-
mission, with a 2 mm aperture and a monochrometer set to
600 nm wavelength, and when evaluated at polar scattering
angles in the range from about 15° to about 60° (e.g. specifi-
cally, about 20° or about 40°). Normal incidence in transmis-
sion may be otherwise known as zero degrees in transmission,
which may be denoted as 180° incidence by the instrument
software. In one or more embodiments, the scattered light
intensity may be measured along an azimuthal direction sub-
stantially orthogonal to the abraded direction of a sample
abraded by the Taber Test. In one example, the Taber Test may
use from about 10 cycles to about 1000 cycles, and all values
in between. These optical intensity values may also corre-
spond to less than about 1%, less than about 0.5%, less than
about 0.2%, or less than about 0.1% of the input light intensity
that is scattered into polar scattering angles greater than about
5 degrees, greater than about 10 degrees, greater than about
30 degrees, or greater than about 45 degrees.

Generally speaking, BTDF testing at normal incidence, as
described herein, is closely related to the transmission haze
measurement, in that both are measuring the amount of light
that is scattered in transmission through a sample (or, in this
case the article 100, after abrading the anti-reflective coating
120). BTDF measurements provide more sensitivity as well
as more detailed angular information, compared to haze mea-
surements. BTDF allows measurement of scattering into dif-
ferent polar and azimuthal angles, for example allowing us to
selectively evaluate the scattering into azimuthal angles that
are substantially orthogonal to the abrasion direction in the
linear Taber test (these are the angles where light scattering
from linear abrasion is the highest). Transmission haze is
essentially the integration of all scattered light measured by
normal incidence BTDF into the entire hemisphere of polar
angles greater than about +/-2.5 degrees.

The optical coating 120 and the article 100 may be
described in terms of a hardness measured by a Berkovich
Indenter Hardness Test. As used herein, the “Berkovich
Indenter Hardness Test” includes measuring the hardness of a
material on a surface thereof by indenting the surface with a
diamond Berkovich indenter. The Berkovich Indenter Hard-
ness Test includes indenting the anti-reflective surface 122 of
the article or the surface of the optical coating 120 (or the
surface of any one or more of the layers in the anti-reflective
coating) with the diamond Berkovich indenter to form an
indent to an indentation depth in the range from about 50 nm
to about 1000 nm (or the entire thickness of the anti-reflective
coating or layer, whichever is less) and measuring the maxi-
mum hardness from this indentation along the entire inden-
tation depth range or a segment of this indentation depth (e.g.,
in the range from about 100 nm to about 600 nm), generally
using the methods set forth in Oliver, W. C.; Pharr, G. M. An
improved technique for determining hardness and elastic
modulus using load and displacement sensing indentation
experiments. J. Mater. Res., Vol. 7, No. 6, 1992, 1564-1583;
and Oliver, W. C.; Pharr, G. M. Measurement of Hardness and
Elastic Modulus by Instrument Indentation: Advances in
Understanding and Refinements to Methodology. J. Mater.
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Res., Vol. 19, No. 1, 2004, 3-20. As used herein, hardness
refers to a maximum hardness, and not an average hardness.

Typically, in nanoindentation measurement methods (such
as by using a Berkovich indenter) of a coating that is harder
than the underlying substrate, the measured hardness may
appear to increase initially due to development of the plastic
zone at shallow indentation depths and then increases and
reaches a maximum value or plateau at deeper indentation
depths. Thereafter, hardness begins to decrease at even deeper
indentation depths due to the effect of the underlying sub-
strate. Where a substrate having an increased hardness com-
pared to the coating is utilized, the same effect can be seen;
however, the hardness increases at deeper indentation depths
due to the effect of the underlying substrate.

The indentation depth range and the hardness values at
certain indentation depth range(s) can be selected to identify
a particular hardness response of the optical film structures
and layers thereof, described herein, without the effect of the
underlying substrate. When measuring hardness of the optical
film structure (when disposed on a substrate) with a Berkov-
ich indenter, the region of permanent deformation (plastic
zone) of a material is associated with the hardness of the
material. During indentation, an elastic stress field extends
well beyond this region of permanent deformation. As inden-
tation depth increases, the apparent hardness and modulus are
influenced by stress field interactions with the underlying
substrate. The substrate influence on hardness occurs at
deeper indentation depths (i.e., typically at depths greater
than about 10% of the optical film structure or layer thick-
ness). Moreover, a further complication is that the hardness
response requires a certain minimum load to develop full
plasticity during the indentation process. Prior to that certain
minimum load, the hardness shows a generally increasing
trend.

At small indentation depths (which also may be character-
ized as small loads) (e.g., up to about 50 nm), the apparent
hardness of a material appears to increase dramatically versus
indentation depth. This small indentation depth regime does
not represent a true metric of hardness but instead, reflects the
development of the aforementioned plastic zone, which is
related to the finite radius of curvature of the indenter. At
intermediate indentation depths, the apparent hardness
approaches maximum levels. At deeper indentation depths,
the influence of the substrate becomes more pronounced as
the indentation depths increase. Hardness may begin to drop
dramatically once the indentation depth exceeds about 30%
of the optical film structure thickness or the layer thickness.

FIG. 21 illustrates the changes in measured hardness value
as a function of indentation depth and thickness of a coating.
As shown in FIG. 21, the hardness measured at intermediate
indentation depths (at which hardness approaches and is
maintained at maximum levels) and at deeper indentation
depths depends on the thickness of a material or layer. FIG. 21
illustrates the hardness response of four different layers of
AlO,N,, having different thicknesses. The hardness of each
layer was measured using the Berkovich Indenter Hardness
Test. The 500 nm-thick layer exhibited its maximum hardness
at indentation depths from about 100 nm to 180 nm, followed
by a dramatic decrease in hardness at indentation depths from
about 180 nm to about 200 nm, indicating the hardness of the
substrate influencing the hardness measurement. The 1000
nm-thick layer exhibited a maximum hardness at indentation
depths from about 100 nm to about 300 nm, followed by a
dramatic decrease in hardness at indentation depths greater
than about 300 nm. The 1500 nm-thick layer exhibited a
maximum hardness at indentation depths from about 100 nm
to about 550 nm and the 2000-nm thick layer exhibited a
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maximum hardness at indentation depths from about 100 nm
to about 600 nm. Although FIG. 21 illustrates a thick single
layer, the same behavior is observed in thinner coatings and
those including multiple layers such as the anti-reflective
coating 120 of the embodiments described herein.

In some embodiments, the optical 120 may exhibit a hard-
ness of about 8 GPa or greater, about 10 GPa or greater or
about 12 GPa or greater (e.g., 14 GPa or greater, 16 GPa or
greater, 18 GPa or greater, 20 GPa or greater). The hardness of
the optical coating 120 may be up to about 20 GPa or 30 GPa.
The article 100, including the anti-reflective coating 120 and
any additional coatings, as described herein, exhibit a hard-
ness of about 5 GPa or greater, about 8 GPa or greater, about
10 GPa or greater or about 12 GPa or greater (e.g., 14 GPaor
greater, 16 GPa or greater, 18 GPa or greater, 20 GPa or
greater), as measured on the anti-reflective surface 122, by a
Berkovitch Indenter Hardness Test. The hardness of the opti-
cal 120 may be up to about 20 GPa or 30 GPa. Such measured
hardness values may be exhibited by the optical coating 120
and/or the article 100 along an indentation depth of about 50
nm or greater or about 100 nm or greater (e.g., from about 100
nm to about 300 nm, from about 100 nm to about 400 nm,
from about 100 nm to about 500 nm, from about 100 nm to
about 600 nm, from about 200 nm to about 300 nm, from
about 200 nm to about 400 nm, from about 200 nm to about
500 nm, or from about 200 nm to about 600 nm). In one or
more embodiments, the article exhibits a hardness that is
greater than the hardness of the substrate (which can be mea-
sured on the opposite surface from the anti-reflective surface).

The optical coating 120 may have at least one layer having
a hardness (as measured on the surface of such layer, e.g.,
surface of the second high RI layer 130B of FIG. 2 or the
surface of the scratch resistant layer) of about 12 GPa or
greater, about 13 GPa or greater, about 14 GPa or greater,
about 15 GPa or greater, about 16 GPa or greater, about 17
GPa or greater, about 18 GPa or greater, about 19 GPa or
greater, about 20 GPa or greater, about 22 GPa or greater,
about 23 GPa or greater, about 24 GPa or greater, about 25
GPa or greater, about 26 GPa or greater, or about 27 GPa or
greater (up to about 50 GPa), as measured by the Berkovich
Indenter Hardness Test. The hardness of such layer may be in
the range from about 18 GPato about 21 GPa, as measured by
the Berkovich Indenter Hardness Test. Such measured hard-
ness values may be exhibited by the at least one layer along an
indentation depth of about 50 nm or greater or 100 nm or
greater (e.g., from about 100 nm to about 300 nm, from about
100 nm to about 400 nm, from about 100 nm to about 500 nm,
from about 100 nm to about 600 nm, from about 200 nm to
about 300 nm, from about 200 nm to about 400 nm, from
about 200 nm to about 500 nm, or from about 200 nm to about
600 nm).

In one or more embodiments, the optical coating 120 or
individual layers within the optical coating may exhibit an
elastic modulus of about 75 GPa or greater, about 80 GPa or
greater or about 85 GPa or greater, as measured on the anti-
reflective surface 122, by indenting that surface with a Berko-
vitch indenter. These modulus values may represent a modu-
lus measured very close to the anti-reflective surface, e.g. at
indentation depths of 0 nm to about 50 nm, or it may represent
a modulus measured at deeper indentation depths, e.g. from
about 50 nm to about 1000 nm.

In embodiments of the article which include a scratch-
resistant layer (when used as part of the anti-reflective coat-
ing, e.g., 150 of FIG. 7 or 345 of FIG. 8) or scratch resistant
coating (when used as an additional coating 140), the article
may exhibit a maximum hardness in the range from about 12
GPato about 25 GPa, as measured by the Berkovich Indenter
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Hardness Test on the anti-reflective surface 122, or the surface
of the scratch resistant coating, respectively. Such measured
hardness values may be exhibited along an indentation depth
of about 50 nm or greater or 100 nm or greater (e.g., from
about 100 nm to about 300 nm, from about 100 nm to about
400 nm, from about 100 nm to about 500 nm, from about 100
nm to about 600 nm, from about 200 nm to about 300 nm,
from about 200 nm to about 400 nm, from about 200 nm to
about 500 nm, or from about 200 nm to about 600 nm). This
hardness may be exhibited even when the scratch resistant
layer is not disposed at or near the anti-reflective surface 122
(e.g., as shown in FIGS. 7 and 8).

Optical interference between reflected waves from the
optical coating 120/air interface and the optical coating 120/
substrate 110 interface can lead to spectral reflectance and/or
transmittance oscillations that create apparent color in the
article 100. As used herein, the term “transmittance” is
defined as the percentage of incident optical power within a
given wavelength range transmitted through a material (e.g.,
the article, the substrate or the optical film or portions
thereof). The term “reflectance” is similarly defined as the
percentage of incident optical power within a given wave-
length range that is reflected from a material (e.g., the article,
the substrate, or the optical film or portions thereof). Trans-
mittance and reflectance are measured using a specific lin-
ewidth. In one or more embodiments, the spectral resolution
of the characterization of the transmittance and reflectance is
less than 5 nm or 0.02 eV. The color may be more pronounced
in reflection. The angular color shifts in reflection with view-
ing angle due to a shift in the spectral reflectance oscillations
with incident illumination angle. Angular color shifts in trans-
mittance with viewing angle are also due to the same shift in
the spectral transmittance oscillation with incident illumina-
tion angle. The observed color and angular color shifts with
incident illumination angle are often distracting or objection-
able to device users, particularly under illumination with
sharp spectral features such as fluorescent lighting and some
LED lighting. Angular color shifts in transmission may also
play a factor in color shift in reflection and vice versa. Factors
in angular color shifts in transmission and/or reflection may
also include angular color shifts due to viewing angle or
angular color shifts away from a certain white point that may
be caused by material absorption (somewhat independent of
angle) defined by a particular illuminant or test system.

The oscillations may be described in terms of amplitude.
As used herein, the term “amplitude” includes the peak-to-
valley change in reflectance or transmittance. The phrase
“average amplitude” includes the peak-to-valley change in
reflectance or transmittance averaged over several oscillation
cycles or wavelength sub-ranges within the optical wave-
length regime. As used herein, the “optical wavelength
regime” includes the wavelength range from about 400 nm to
about 800 nm (and more specifically from about 450 nm to
about 650 nm).

The embodiments of this disclosure include an anti-reflec-
tive coating to provide improved optical performance, in
terms of colorlessness and/or smaller angular color shifts
with viewed at varying incident illumination angles from
normal incidence under different illuminants.

One aspect of this disclosure pertains to an article that
exhibits colorlessness in reflectance and/or transmittance
even when viewed at different incident illumination angles
under an illuminant. In one or more embodiments, the article
exhibits an angular color shift in reflectance and/or transmit-
tance of about 5 or less or about 2 or less between a reference
illumination angle and any incidental illumination angles in
the ranges provided herein. As used herein, the phrase “color
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shift” (angular or reference point) refers to the change in both
a* and b*, under the CIE L*, a*, b* colorimetry system in
reflectance and/or transmittance. It should be understood that
unless otherwise noted, the L* coordinate of the articles
described herein are the same at any angle or reference point
and do not influence color shift. For example, angular color
shift may be determined using the following Equation (1):

Vl(a*ma* ) +(b*5-b"))%), M

with a*|, and b*, representing the a* and b* coordinates of
the article when viewed at incidence reference illumination
angle (which may include normal incidence) and a*,, and b*,
representing the a* and b* coordinates of the article when
viewed at an incident illumination angle, provided that the
incident illumination angle is different from the reference
illumination angle and in some cases differs from the refer-
ence illumination angle by at least about 1 degree, 2 degrees
orabout 5 degrees. In some instances, an angular color shiftin
reflectance and/or transmittance of about 10 or less (e.g., 5 or
less, 4 or less, 3 or less, or 2 or less) is exhibited by the article
when viewed at various incident illumination angles from a
reference illumination angle, under an illuminant. In some
instances the angular color shift in reflectance and/or trans-
mittance is about 1.9 orless, 1.8 orless, 1.7 or less, 1.6 or less,
1.50rless, 1.4 orless, 1.3 orless, 1.2 orless, 1.1 orless, 1 or
less, 0.9 or less, 0.8 or less, 0.7 or less, 0.6 or less, 0.5 or less,
0.4 or less, 0.3 or less, 0.2 or less, or 0.1 or less. In some
embodiments, the angular color shift may be about 0. The
illuminant can include standard illuminants as determined by
the CIE, including A illuminants (representing tungsten-fila-
ment lighting), B illuminants (daylight simulating illumi-
nants), C illuminants (daylight simulating illuminants), D
series illuminants (representing natural daylight), and F
series illuminants (representing various types of fluorescent
lighting). In specific examples, the articles exhibit an angular
color shift in reflectance and/or transmittance of about 2 or
less when viewed at incident illumination angle from the
reference illumination angle undera CIEF2,F10,F11,F12 or
D65 illuminant, or more specifically, under a CIE F2 illumi-
nant.

The reference illumination angle may include normal inci-
dence (i.e., from about 0 degrees to about 10 degrees), or 5
degrees from normal incidence, 10 degrees from normal inci-
dence, 15 degrees from normal incidence, 20 degrees from
normal incidence, 25 degrees from normal incidence, 30
degrees from normal incidence, 35 degrees from normal inci-
dence, 40 degrees from normal incidence, 50 degrees from
normal incidence, 55 degrees from normal incidence, or 60
degrees from normal incidence, provided the difference
between the reference illumination angle and the difference
between the incident illumination angle and the reference
illumination angle is at least about 1 degree, 2 degrees or
about 5 degrees. The incident illumination angle may be, with
respect to the reference illumination angle, in the range from
about 5 degrees to about 80 degrees, from about 5 degrees to
about 70 degrees, from about 5 degrees to about 65 degrees,
from about 5 degrees to about 60 degrees, from about 5
degrees to about 55 degrees, from about 5 degrees to about 50
degrees, from about 5 degrees to about 45 degrees, from about
5 degrees to about 40 degrees, from about 5 degrees to about
35 degrees, from about 5 degrees to about 30 degrees, from
about 5 degrees to about 25 degrees, from about 5 degrees to
about 20 degrees, from about 5 degrees to about 15 degrees,
and all ranges and sub-ranges therebetween, away from the
reference illumination angle. The article may exhibit the
angular color shifts in reflectance and/or transmittance
described herein at and along all the incident illumination
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angles in the range from about 2 degrees to about 80 degrees
(or from about 10 degrees to about 80 degrees, or from about
20 degrees to about 80 degrees), when the reference illumi-
nation angle is normal incidence. In some embodiments, the
article may exhibit the angular color shifts in reflectance
and/or transmittance described herein at and along all the
incident illumination angles in the range from about 2 degrees
to about 80 degrees (or from about 10 degrees to about 80
degrees, or from about 20 degrees to about 80 degrees), when
the difference between the incident illumination angle and the
reference illumination angle is at least about 1 degree, 2
degrees or about 5 degrees. In one example, the article may
exhibit an angular color shift in reflectance and/or transmit-
tance of 5 orless (e.g., 4 or less, 3 or less or about 2 or less) at
any incident illumination angle in the range from about 2
degrees to about 60 degrees, from about 5 degrees to about 60
degrees, or from about 10 degrees to about 60 degrees away
from a reference illumination angle equal to normal inci-
dence. In other examples, the article may exhibit an angular
color shift in reflectance and/or transmittance of 5 or less
(e.g., 4 orless, 3 or less or about 2 or less) when the reference
illumination angle is 10 degrees and the incident illumination
angle is any angle in the range from about 12 degrees to about
60 degrees, from about 15 degrees to about 60 degrees, or
from about 20 degrees to about 60 degrees away from the
reference illumination angle.

In some embodiments, the angular color shift may be mea-
sured at all angles between a reference illumination angle
(e.g., normal incidence) and an incident illumination angle in
the range from about 20 degrees to about 80 degrees. In other
words, the angular color shift may be measured and may be
less than about 5 or less than about 2, at all angles in the range
from about O degrees and 20 degrees, from about 0 degrees to
about 30 degrees, from about 0 degrees to about 40 degrees,
from about 0 degrees to about 50 degrees, from about 0
degrees to about 60 degrees or from about 0 degrees to about
80 degrees.

In one or more embodiments, the article exhibits a color in
the CIE L*, a*, b* colorimetry system in reflectance and/or
transmittance such that the distance or reference point color
shift between the transmittance color or reflectance coordi-
nates from a reference point is less than about 5 or less than
about 2 under an illuminant (which can include standard
illuminants as determined by the CIE, including A illumi-
nants (representing tungsten-filament lighting), B illuminants
(daylight simulating illuminants), C illuminants (daylight
simulating illuminants), D series illuminants (representing
natural daylight), and F series illuminants (representing vari-
ous types of fluorescent lighting)). In specific examples, the
articles exhibit a color shift in reflectance and/or transmit-
tance of about 2 or less when viewed at incident illumination
angle from the reference illumination angle under a CIE F2,
F10, F11, F12 or D65 illuminant or more specifically under a
CIE F2 illuminant. Stated another way, the article may exhibit
a transmittance color (or transmittance color coordinates)
and/or a reflectance color (or reflectance color coordinates)
measured at the anti-reflective surface 122 having a reference
point color shift of less than about 2 from a reference point, as
defined herein. Unless otherwise noted, the transmittance
color or transmittance color coordinates are measured on two
surfaces of the article including at the anti-reflective surface
122 and the opposite bare surface of the article (i.e., 114).
Unless otherwise noted, the reflectance color or reflectance
color coordinates are measured on only the anti-reflective
surface 122 of the article. However, the reflectance color or
reflectance color coordinates described herein can be mea-
sured on both the anti-reflective surface 122 of the article and



US 9,335,444 B2

21

the opposite side of the article (i.e., major surface 114 in FIG.
1) using either a 2-surface measurement (reflections from two
sides of an article are both included) or a 1-surface measure-
ment (reflection only from the anti-reflective surface 122 of
the article is measured). Of these, the 1-surface reflectance
measurement is typically the more challenging metric to
achieve low color or low-color shift values for anti-reflective
coatings, and this has relevance to applications (such as
smartphones, etc.) where the back surface of the article is
bonded to a light absorbing medium such as black ink or an
LCD or OLED device).

In one or more embodiments, the reference point may be
the origin (0, 0) in the CIE L*, a*, b* colorimetry system (or
the color coordinates a*=0, b*=0), the coordinates (a*=-2,
b*==2), or the transmittance or reflectance color coordinates
of'the substrate. It should be understood that unless otherwise
noted, the L* coordinate of the articles described herein are
the same as the reference point and do not influence color
shift. Where the reference point color shift of the article is
defined with respect to the substrate, the transmittance color
coordinates of the article are compared to the transmittance
color coordinates of the substrate and the reflectance color
coordinates of the article are compared to the reflectance
color coordinates of the substrate.

In one or more specific embodiments, the reference point
color shift of the transmittance color and/or the reflectance
color may be less than 1 or even less than 0.5. In one or more
specific embodiments, the reference point color shift for the
transmittance color and/or the reflectance color may be 1.8,
1.6,1.4,1.2,0.8,0.6,0.4,0.2, 0 and all ranges and sub-ranges
therebetween. Where the reference point is the color coordi-
nates a*=0, b*=0, the reference point color shift is calculated
by Equation (2).

reference point color shift=vV((a*,;.1.)*+(b* iz

@
Where the reference point is the color coordinates a*=-2,
b*=-2, the reference point color shift is calculated by Equa-
tion (3).
reference point color shift=v/((a* ;.1 42)°+(B* priert
2% 3

Where the reference point is the color coordinates of the
substrate, the reference point color shift is calculated by
Equation (4).

reference point color shift=vV((a* ;o=@ *upsorare) +
O arsiete=d *upsirare)”) Q)

In some embodiments, the article may exhibit a transmit-
tance color (or transmittance color coordinates) and a reflec-
tance color (or reflectance color coordinates) such that the
reference point color shift is less than 2 when the reference
point is any one of the color coordinates of the substrate, the
color coordinates a*=0, b*=0 and the coordinates a*=-2,
b*=-2.

In one or more embodiment, the article may exhibit a b*
value in reflectance (as measured at the anti-reflective surface
only) in the range from about -5 to about 1, from about -5 to
about 0, from about —4 to about 1, or from about -4 to about
0, in the CIE L*, a*, b* colorimetry system at all incidence
illumination angles in the range from about 0 to about 60
degrees (or from about 0 degrees to about 40 degrees or from
about 0 degrees to about 30 degrees).

In one or more embodiment, the article may exhibit a b*
value in transmittance (as measured at the anti-reflective sur-
face and the opposite bare surface of the article) of less than
about 2 (or about 1.8 or less, about 1.6 or less, 1.5 or less, 1.4
or less, 1.2 or less, or about 1 or less) in the CIE L*, a*, b*
colorimetry system at all incidence illumination angles in the
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range from about 0 to about 60 degrees (or from about 0O
degrees to about 40 degrees or from about 0 degrees to about
30 degrees). The lower limit of the b* value in transmittance
may be about -5.

In some embodiments, the article exhibits an a* value in
transmittance (at the anti-reflective surface and the opposite
bare surface) in the range from about —1.5 to about 1.5 (e.g.,
-1.5t0-12,-15t0-1,-1.2t01.2,-1t0o 1, -11t0 0.5, or -1
to 0) at incident illumination angles in the range from about 0
degrees to about 60 degrees under illuminants D65, A, and F2.
In some embodiments, the article exhibits a b* value in trans-
mittance (at the anti-reflective surface and the opposite bare
surface) in the range from about -1.5 to about 1.5 (e.g., 1.5
to-12,-15t0-1,-12t01.2,-1t01,-11t0 0.5, 0r -1 t0 0)
at incident illumination angles in the range from about 0
degrees to about 60 degrees under illuminants D65, A, and F2.

In some embodiments, the article exhibits an a* value in
reflectance (at only the anti-reflective surface) in the range
from about -5 to about 2 (e.g., -4.5t0 1.5, -3 10 0, -2.5 to
0.25) at incident illumination angles in the range from about
0 degrees to about 60 degrees under illuminants D65, A, and
F2. In some embodiments, the article exhibits a b* value in
reflectance (at only the anti-reflective surface) in the range
from about -7 to about 0 at incident illumination angles in the
range from about 0 degrees to about 60 degrees under illumi-
nants D65, A, and F2.

The article of one or more embodiments, or the anti-reflec-
tive surface 122 of one or more articles, may exhibit an
average light transmittance of about 95% or greater (e.g.,
about 9.5% or greater, about 96% or greater, about 96.5% or
greater, about 97% or greater, about 97.5% or greater, about
98% or greater, about 98.5% or greater or about 99% or
greater) over the optical wavelength regime in the range from
about 400 nm to about 800 nm. In some embodiments, the
article, or the anti-reflective surface 122 of one or more
articles, may exhibit an average light reflectance of about 2%
orless (e.g., about 1.5% or less, about 1% or less, about 0.75%
or less, about 0.5% or less, or about 0.25% or less) over the
optical wavelength regime in the range from about 400 nm to
about 800 nm. These light transmittance and light reflectance
values may be observed over the entire optical wavelength
regime or over selected ranges of the optical wavelength
regime (e.g., 2 100 nm wavelength range, 150 nm wavelength
range, a 200 nm wavelength range, a 250 nm wavelength
range, a 280 nm wavelength range, or a 300 nm wavelength
range, within the optical wavelength regime). In some
embodiments, these light reflectance and transmittance val-
ues may be a total reflectance or total transmittance (taking
into account reflectance or transmittance on both the anti-
reflective surface 122 and the opposite major surface 114) or
may be observed on a single side of the article, as measured on
the anti-reflective surface 122 only (without taking into
account the opposite surface). Unless otherwise specified, the
average reflectance or transmittance is measured at an inci-
dent illumination angle in the range from about 0 degrees to
about 10 degrees (however, such measurements may be pro-
vided at incident illumination angles of 45 degrees or 60
degrees).

In some embodiments, the article of one or more embodi-
ments, or the anti-reflective surface 122 of one or more
articles, may exhibit an average visible photopic reflectance
of about 1% or less, about 0.7% or less, about 0.5% or less, or
about 0.45% or less over the optical wavelength regime.
These photopic reflectance values may be exhibited at inci-
dent illumination angles in the range from about 0° to about
20°, from about 0° to about 40° or from about 0° to about 60°.
As used herein, photopic reflectance mimics the response of
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the human eye by weighting the reflectance versus wave-
length spectrum according to the human eye’s sensitivity.
Photopic reflectance may also be defined as the luminance, or
tristimulus Y value of reflected light, according to known
conventions such as CIE color space conventions. The aver-
age photopic reflectance is defined in Equation (4) as the
spectral reflectance, R(A) multiplied by the illuminant spec-
trum, (A) and the CIE’s color matching function y(A), related
to the eye’s spectral response:

720 nm
f RO X IA) X FA)dA

380 nm

®
(Rp) =

In some embodiments, the article exhibits a single-side
average photopic reflectance, measured at normal or near-
normal incidence (e.g. 0-10 degrees) on the anti-reflective
surface only of less than about 10%. In some embodiments,
the single-side average photopic reflectance is about 9% or
less, about 8% or less, about 7% or less, about 6% or less,
about 5% or less, about 4% or less, about 3%, or about 2% or
less. In a specific embodiment, the anti-reflective surface 122
of one or more articles (i.e. when measuring the anti-reflec-
tive surface only through a single-sided measurement), may
exhibit the above average photopic reflectance values, while
simultaneously exhibiting a maximum reflectance color shift,
over the entire incident illumination angle range from about 5
degrees to about 60 degrees (with the reference illumination
angle being normal incidence) using D65 illumination and/or
F2 illuminant, of less than about 5.0, less than about 4.0, less
than about 3.0, less than about 2.0, less than about 1.5, or less
than about 1.25. These maximum reflectance color shift val-
ues represent the lowest color point value measured at any
angle from about 5 degrees to about 60 degrees from normal
incidence, subtracted from the highest color point value mea-
sured at any angle in the same range. The values may repre-
sent a maximum change in a* value (a* Jughesi™ ¥, est)s @
maximum change in b* value (b*,,.,..~ Zowest) a maxi-
mum change in both a* and b* values, or a maximum change
in the quantity ‘/((a*highest_a*zowest)z"'(b*highest_b*zowest)2)~

Substrate

The substrate 110 may include an inorganic material and
may include an amorphous substrate, a crystalline substrate
or a combination thereof. The substrate 110 may be formed
from man-made materials and/or naturally occurring materi-
als (e.g., quartz and polymers). For example, in some
instances, the substrate 110 may be characterized as organic
and may specifically be polymeric. Examples of suitable
polymers include, without limitation: thermoplastics includ-
ing polystyrene (PS) (including styrene copolymers and
blends), polycarbonate (PC) (including copolymers and
blends), polyesters (including copolymers and blends,
including polyethyleneterephthalate and polyethylenetereph-
thalate copolymers), polyolefins (PO) and cyclicpolyolefins
(cyclic-PO), polyvinylchloride (PVC), acrylic polymers
including polymethyl methacrylate (PMMA) (including
copolymers and blends), thermoplastic urethanes (TPU),
polyetherimide (PEI) and blends of these polymers with each
other. Other exemplary polymers include epoxy, styrenic,
phenolic, melamine, and silicone resins.

In some specific embodiments, the substrate 110 may spe-
cifically exclude polymeric, plastic and/or metal substrates.
The substrate may be characterized as alkali-including sub-
strates (i.e., the substrate includes one or more alkalis). In one
or more embodiments, the substrate exhibits a refractive
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index in the range from about 1.45 to about 1.55. In specific
embodiments, the substrate 110 may exhibit an average
strain-to-failure at a surface on one or more opposing major
surface that is 0.5% or greater, 0.6% or greater, 0.7% or
greater, 0.8% or greater, 0.9% or greater, 1% or greater, 1.1%
or greater, 1.2% or greater, 1.3% or greater, 1.4% or greater
1.5% or greater or even 2% or greater, as measured using
ball-on-ring testing using at least 5, at least 10, at least 15, or
at least 20 samples. In specific embodiments, the substrate
110 may exhibit an average strain-to-failure at its surface on
one or more opposing major surface of about 1.2%, about
1.4%, about 1.6%, about 1.8%, about 2.2%, about 2.4%,
about 2.6%, about 2.8%, or about 3% or greater.

Suitable substrates 110 may exhibit an elastic modulus (or
Young’s modulus) in the range from about 30 GPa to about
120 GPa. In some instances, the elastic modulus of the sub-
strate may be in the range from about 30 GPa to about 110
GPa, from about 30 GPato about 100 GPa, from about 30 GPa
to about 90 GPa, from about 30 GPa to about 80 GPa, from
about 30 GPa to about 70 GPa, from about 40 GPa to about
120 GPa, from about 50 GPa to about 120 GPa, from about 60
GPa to about 120 GPa, from about 70 GPa to about 120 GPa,
and all ranges and sub-ranges therebetween.

Inone or more embodiments, the amorphous substrate may
include glass, which may be strengthened or non-strength-
ened. Examples of suitable glass include soda lime glass,
alkali aluminosilicate glass, alkali containing borosilicate
glass and alkali aluminoborosilicate glass. In some variants,
the glass may be free of lithia. In one or more alternative
embodiments, the substrate 110 may include crystalline sub-
strates such as glass ceramic substrates (which may be
strengthened or non-strengthened) or may include a single
crystal structure, such as sapphire. In one or more specific
embodiments, the substrate 110 includes an amorphous base
(e.g., glass) and a crystalline cladding (e.g., sapphire layer, a
polycrystalline alumina layer and/or or a spinel (MgAl,0,)
layer).

The substrate 110 of one or more embodiments may have a
hardness that is less than the hardness of the article (as mea-
sured by the Berkovich Indenter Hardness Test described
herein). The hardness of the substrate may be measured using
known methods in the art, including but not limited to the
Berkovich Indenter Hardness Test or Vickers hardness test.

The substrate 110 may be substantially planar or sheet-like,
although other embodiments may utilize a curved or other-
wise shaped or sculpted substrate. The substrate 110 may be
substantially optically clear, transparent and free from light
scattering. In such embodiments, the substrate may exhibit an
average light transmission over the optical wavelength
regime of about 85% or greater, about 86% or greater, about
87% or greater, about 88% or greater, about 89% or greater,
about 90% or greater, about 91% or greater or about 92% or
greater. In one or more alternative embodiments, the substrate
110 may be opaque or exhibit an average light transmission
over the optical wavelength regime of less than about 10%,
less than about 9%, less than about 8%, less than about 7%,
less than about 6%, less than about 5%, less than about 4%,
less than about 3%, less than about 2%, less than about 1%, or
less than about 0%. In some embodiments, these light reflec-
tance and transmittance values may be a total reflectance or
total transmittance (taking into account reflectance or trans-
mittance on both major surfaces of the substrate) or may be
observed on a single side of the substrate (i.e., on the anti-
reflective surface 122 only, without taking into account the
opposite surface). Unless otherwise specified, the average
reflectance or transmittance is measured at an incident illu-
mination angle of 0 degrees (however, such measurements
may be provided at incident illumination angles of 45 degrees
or 60 degrees). The substrate 110 may optionally exhibit a
color, such as white, black, red, blue, green, yellow, orange
etc.
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Additionally or alternatively, the physical thickness of the
substrate 110 may vary along one or more of its dimensions
for aesthetic and/or functional reasons. For example, the
edges of the substrate 110 may be thicker as compared to
more central regions of the substrate 110. The length, width
and physical thickness dimensions of the substrate 110 may
also vary according to the application oruse of the article 100.

The substrate 110 may be provided using a variety of
different processes. For instance, where the substrate 110
includes an amorphous substrate such as glass, various form-
ing methods can include float glass processes and down-draw
processes such as fusion draw and slot draw.

Once formed, a substrate 110 may be strengthened to form
a strengthened substrate. As used herein, the term “strength-
ened substrate” may refer to a substrate that has been chemi-
cally strengthened, for example through ion-exchange of
larger ions for smaller ions in the surface of the substrate.
However, other strengthening methods known in the art, such
as thermal tempering, or utilizing a mismatch of the coeffi-
cient of thermal expansion between portions of the substrate
to create compressive stress and central tension regions, may
be utilized to form strengthened substrates.

Where the substrate is chemically strengthened by an ion
exchange process, the ions in the surface layer of the substrate
are replaced by—or exchanged with—Ilarger ions having the
same valence or oxidation state. lon exchange processes are
typically carried out by immersing a substrate in a molten salt
bath containing the larger ions to be exchanged with the
smaller ions in the substrate. It will be appreciated by those
skilled in the art that parameters for the ion exchange process,
including, but not limited to, bath composition and tempera-
ture, immersion time, the number of immersions of the sub-
strate in a salt bath (or baths), use of multiple salt baths,
additional steps such as annealing, washing, and the like, are
generally determined by the composition of the substrate and
the desired compressive stress (CS), depth of compressive
stress layer (or depth of layer) of the substrate that result from
the strengthening operation. By way of example, ion
exchange of alkali metal-containing glass substrates may be
achieved by immersion in at least one molten bath containing
a salt such as, but not limited to, nitrates, sulfates, and chlo-
rides of the larger alkali metal ion. The temperature of the
molten salt bath typically is in a range from about 380° C. up
to about 450° C., while immersion times range from about 15
minutes up to about 40 hours. However, temperatures and
immersion times different from those described above may
also be used.

In addition, non-limiting examples of ion exchange pro-
cesses in which glass substrates are immersed in multiple ion
exchange baths, with washing and/or annealing steps
between immersions, are described in U.S. patent application
Ser. No. 12/500,650, filed Jul. 10, 2009, by Douglas C. Allan
et al., entitled “Glass with Compressive Surface for Con-
sumer Applications” and claiming priority from U.S. Provi-
sional Patent Application No. 61/079,995, filed Jul. 11, 2008,
in which glass substrates are strengthened by immersion in
multiple, successive, ion exchange treatments in salt baths of
different concentrations; and U.S. Pat. No. 8,312,739, by
Christopher M. Lee et al.,, issued on Nov. 20, 2012, and
entitled “Dual Stage Ion Exchange for Chemical Strengthen-
ing of Glass,” and claiming priority from U.S. Provisional
Patent Application No. 61/084,398, filed Jul. 29, 2008, in
which glass substrates are strengthened by ion exchange in a
first bath is diluted with an effluent ion, followed by immer-
sion in a second bath having a smaller concentration of the
effluent ion than the first bath. The contents of U.S. patent
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application Ser. No. 12/500,650 and U.S. Pat. No. 8,312,739
are incorporated herein by reference in their entirety.

The degree of chemical strengthening achieved by ion
exchange may be quantified based on the parameters of cen-
tral tension (CT), surface CS, and depth of layer (DOL).
Surface CS may be measured near the surface or within the
strengthened glass at various depths. A maximum CS value
may include the measured CS at the surface (CS,) of the
strengthened substrate. The CT, which is computed for the
inner region adjacent the compressive stress layer within a
glass substrate, can be calculated from the CS, the physical
thickness t, and the DOL. CS and DOL are measured using
those means known in the art. Such means include, but are not
limited to, measurement of surface stress (FSM) using com-
mercially available instruments such as the FSM-6000,
manufactured by Luceo Co., Ltd. (Tokyo, Japan), or the like,
and methods of measuring CS and DOL are described in
ASTM 1422C-99, entitled “Standard Specification for
Chemically  Strengthened Flat Glass,” and ASTM
1279.19779 “Standard Test Method for Non-Destructive
Photoelastic Measurement of Edge and Surface Stresses in
Annealed, Heat-Strengthened, and Fully-Tempered Flat
Glass,” the contents of which are incorporated herein by
reference in their entirety. Surface stress measurements rely
upon the accurate measurement of the stress optical coeffi-
cient (SOC), which is related to the birefringence of the glass
substrate. SOC in turn is measured by those methods that are
known in the art, such as fiber and four point bend methods,
both of which are described in ASTM standard C770-98
(2008), entitled “Standard Test Method for Measurement of
Glass Stress-Optical Coefficient,” the contents of which are
incorporated herein by reference in their entirety, and a bulk
cylinder method. The relationship between CS and CT is
given by the expression (1):

CT=(CS-DOL)/(z-2 DOL) ),

wherein t is the physical thickness (ium) of the glass article. In
various sections of the disclosure, CT and CS are expressed
herein in megaPascals (MPa), physical thickness t is
expressed in either micrometers (um) or millimeters (mm)
and DOL is expressed in micrometers (m).

In one embodiment, a strengthened substrate 110 can have
a surface CS of 250 MPa or greater, 300 MPa or greater, e.g.,
400 MPa or greater, 450 MPa or greater, 500 MPa or greater,
550 MPa or greater, 600 MPa or greater, 650 MPa or greater,
700 MPa or greater, 750 MPa or greater or 800 MPa or greater.
The strengthened substrate may have a DOL of 10 um or
greater, 15 um or greater, 20 um or greater (e.g., 25 um, 30 pm,
35 um, 40 pum, 45 pm, 50 um or greater) and/or a CT of 10
MPa or greater, 20 MPa or greater, 30 MPa or greater, 40 MPa
or greater (e.g., 42 MPa, 45 MPa, or 50 MPa or greater) but
less than 100 MPa (e.g., 95, 90, 85, 80, 75, 70, 65, 60, 55 MPa
or less). In one or more specific embodiments, the strength-
ened substrate has one or more of the following: a surface CS
greater than 500 MPa, a DOL greater than 15 um, and a CT
greater than 18 MPa.

Example glasses that may be used in the substrate may
include alkali aluminosilicate glass compositions or alkali
aluminoborosilicate glass compositions, though other glass
compositions are contemplated. Such glass compositions are
capable of being chemically strengthened by an ion exchange
process. One example glass composition comprises SiO,,
B,O; and Na,O, where (SiO,+B,0;)=66 mol. %, and
Na,0=9 mol. %. In an embodiment, the glass composition
includes atleast 6 wt. % aluminum oxide. In a further embodi-
ment, the substrate includes a glass composition with one or
more alkaline earth oxides, such that a content of alkaline
earth oxides is at least 5 wt. %. Suitable glass compositions,
in some embodiments, further comprise at least one of K, O,
MgO, and CaO. In a particular embodiment, the glass com-



US 9,335,444 B2

27
positions used in the substrate can comprise 61-75 mol.
Si02; 7-15 mol. % Al,O;; 0-12 mol. % B,O5; 9-21 mol.
Na,O; 0-4 mol. % K,O; 0-7 mol. % MgO; and 0-3 mol.
CaO.

A further example glass composition suitable for the sub-
strate comprises: 60-70 mol. % SiO,; 6-14 mol. % Al,O;;
0-15 mol. % B,0;; 0-15 mol. % Li,O; 0-20 mol. % Na,O;
0-10 mol. % K,O; 0-8 mol. % MgO; 0-10 mol. % CaO; 0-5
mol. % Zr0O,; 0-1 mol. % SnO,; 0-1 mol. % CeO,; less than
50 ppm As,O;; and less than 50 ppm Sb,O;; where 12 mol.
%=(L1,0+Na,0+K,0)=20 mol. % and 0 mol. %=(MgO+
Ca0)=10 mol. %.

A still further example glass composition suitable for the
substrate comprises: 63.5-66.5 mol. % SiO,; 8-12 mol. %
Al O5; 0-3 mol. % B,0;; 0-5 mol. % Li,0; 8-18 mol. %
Na,0; 0-5 mol. % K,0; 1-7 mol. % MgO; 0-2.5 mol. % CaO;
0-3 mol. % ZrO,; 0.05-0.25 mol. % SnO,; 0.05-0.5 mol. %
CeO,; less than 50 ppm As,O;; and less than 50 ppm Sb,0;;
where 14 mol. %=(Li,0+Na,0+K,0)=18 mol. % and 2 mol.
%=(MgO+Ca0)=<7 mol. %.

In a particular embodiment, an alkali aluminosilicate glass
composition suitable for the substrate comprises alumina, at
least one alkali metal and, in some embodiments, greater than
50 mol. % Si0,, in other embodiments at least 58 mol. %
Si0,, and in still other embodiments at least 60 mol. % SiO,,
wherein the ratio (Al,O;+B,0;)2Zmodifiers (i.e., sum of
modifiers) is greater than 1, where in the ratio the components
are expressed in mol. % and the modifiers are alkali metal
oxides. This glass composition, in particular embodiments,
comprises: 58-72 mol. % SiO,; 9-17 mol. % Al,O5; 2-12 mol.
% B,0j5; 8-16 mol. % Na,O; and 0-4 mol. % K,O, wherein
the ratio (Al,O;+B,0,)/Zmodifiers (i.e., sum of modifiers) is
greater than 1.

In still another embodiment, the substrate may include an
alkali aluminosilicate glass composition comprising: 64-68
mol. % Si0,; 12-16 mol. % Na,O; 8-12 mol. % Al,O;; 0-3
mol. % B,O;; 2-5 mol. % K,O; 4-6 mol. % MgO; and 0-5
mol. % CaO, wherein: 66 mol. %=Si0,+B,0;+Ca0=69 mol.
%; Na,0+K,0+B,0;+MgO+Ca0+SrO>10 mol. %; 5 mol.
%=MgO+CaO+SrO=8 mol. %; (Na,0+B,0;)—Al,0,<2
mol. %; 2 mol. %=Na,0—Al,O;=6 mol. %; and 4 mol.
%=(Na,0+K,0)-Al,0;<10 mol. %.

In an alternative embodiment, the substrate may comprise
an alkali aluminosilicate glass composition comprising: 2
mol % or more of Al,O; and/or ZrO,, or 4 mol % or more of
Al,0; and/or ZrO,.

Where the substrate 110 includes a crystalline substrate,
the substrate may include a single crystal, which may include
AL, O;. Such single crystal substrates are referred to as sap-
phire. Other suitable materials for a crystalline substrate
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Optionally, the crystalline substrate 110 may include a
glass ceramic substrate, which may be strengthened or non-
strengthened. Examples of suitable glass ceramics may
include Li,0—Al,0,—SiO, system (i.e. LAS-System) glass
ceramics, MgO—A1,0,—Si0, system (i.e. MAS-System)
glass ceramics, and/or glass ceramics that include a predomi-
nant crystal phase including [-quartz solid solution, [-spo-
dumene ss, cordierite, and lithium disilicate. The glass
ceramic substrates may be strengthened using the chemical
strengthening processes disclosed herein. In one or more
embodiments, MAS-System glass ceramic substrates may be
strengthened in Li,SO, molten salt, whereby an exchange of
2Li* for Mg* can occur.

The substrate 110 according to one or more embodiments
can have a physical thickness ranging from about 100 um to
about 5 mm. Example substrate 110 physical thicknesses
range from about 100 pm to about 500 um (e.g., 100, 200,
300, 400 or 500 pum). Further example substrate 110 physical
thicknesses range from about 500 um to about 1000 pum (e.g.,
500, 600, 700, 800, 900 or 1000 um). The substrate 110 may
have a physical thickness greater than about 1 mm (e.g., about
2,3, 4, or 5 mm) In one or more specific embodiments, the
substrate 110 may have a physical thickness of 2 mm or less
or less than 1 mm. The substrate 110 may be acid polished or
otherwise treated to remove or reduce the effect of surface
flaws.

Anti-Reflective Coating

As shown in FIG. 1, the anti-reflective coating 130 may
include a plurality of layers such that one or more layers may
be disposed on the opposite side of the substrate 110 from the
anti-reflective coating 130 (i.e., on major surface 114)(shown
in FIG. 1).

The physical thickness of the anti-reflective coating 130
disposed on the major surface 114 may be in the range from
about 0.1 um to about 5 um. In some instances, the physical
thickness of the anti-reflective coating 140 disposed on major
surface 114 may be in the range from about 0.01 um to about
0.9 um, from about 0.01 pm to about 0.8 um, from about 0.01
pum to about 0.7 um, from about 0.01 um to about 0.6 um, from
about 0.01 pum to about 0.5 pm, from about 0.01 um to about
0.4 pm, from about 0.01 pm to about 0.3 um, from about 0.01
um to about 0.2 um, from about 0.01 um to about 0.1 um, from
about 0.02 pum to about 1 pm, from about 0.03 um to about 1
pum, from about 0.04 um to about 1 um, from about 0.05 um to
about 1 um, from about 0.06 um to about 1 um, from about
0.07 um to about 1 um, from about 0.08 um to about 1 pm,
from about 0.09 pm to about 1 pm, from about 0.2 pm to about
1 um, from about 0.3 pm to about 5 um, from about 0.4 um to
about 3 nm, from about 0.5 pm to about 3 um, from about 0.6
um to about 2 pm, from about 0.7 um to about 1 um, from
about 0.8 um to about 1 um, or from about 0.9 um to about 1
um, and all ranges and sub-ranges therebetween.

include polycrystalline alumina layer and/or spinel Exemplary embodiments of the articles described herein
(MgAL0,). are provided below in Tables 1-2.
TABLE 1
Exemplary articles including 12-layer optical coating.
Example A Example B Example C
Physical Physical Physical
Refractive Thickness Refractive Thickness Refractive Thickness
Layer  Material  Index (nm) Index (nm) Index (nm)
Medium Air 1 1 1
12 SiO2 1.46929 91.46 1.46929 83.02 1.43105 79.41
11 AlON,  1.97879 154.26 1.97879 152.94 1.97879 159.84
10 SiO2 1.46929 21.74 1.46929 27.14 1.43105 26.53
9 AIO,N,,  1.97879 51.85 1.97879 49.8 1.97879 51.67
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TABLE 1-continued

Exemplary articles including 12-layer optical coating.

8 Si02 1.46929 14.03 1.46929 17.12 1.43105 15.47
7 AIO,N,  1.97879 2000 1.97879 2000 1.97879 2000
6 Si02 1.46929 8.51 1.46929 8.51 1.43105 8.13
5 AIO,N,  1.97879 43.16 1.97879 43.16 1.97879 45.34
4 Si02 1.46929 28.82 1.46929 28.82 1.43105 27.69
3 AION, 197879 25.49 1.97879 25.49 1.97879 28.38
2 Si02 1.46929 49.24 1.46929 49.24 1.43105 45.85
1 AIO,N,  1.97879 8.49 1.97879 8.49 1.97879 10.14
Substrate  Glass 1.50542 1.50542 1.50542
Total Optical Coating Thickness ~ 2497.06 2493.73 2498.44
Example D Example E Example F
Physical Physical Physical
Refractive Thickness Refractive Thickness Refractive Thickness
Layer  Material  Index (nm) Index (nm) Index (nm)
Medium Air 1 1 1
12 Si02 1.48114 95.18 1.48114 86.3 1.48114 81.55
11 AIO,N,  2.00605 154.99  2.00605 149.05 2.00605 150.12
10 Si02 1.48114 23.23 1.48114 25.06 1.48114 27.61
9 AIO,N,  2.00605 50.7 2.00605 48.53 2.00605 47.69
8 Si02 1.48114 14.82 1.48114 16 1.48114 17.43
7 AIO,N,  2.00605 2000 2.00605 2000 2.00605 2000
6 Si02 1.48114 8.7 1.48114 8.7 1.48114 8.7
5 AIO,N,  2.00605 43.17  2.00605 43.17  2.00605 43.17
4 Si02 1.48114 29.77 1.48114 29.77 1.48114 29.77
3 AIO,N,  2.00605 2496  2.00605 2496  2.00605 24.96
2 Si02 1.48114 52.22 1.48114 52.22 1.48114 52.22
1 AIO,N,  2.00605 8.01 2.00605 8.01 2.00605 8.01
Substrate  Glass 1.50542 1.50542 1.50542
Total Optical Coating Thickness ~ 2505.75 2491.77 2491.23
Example G Example H Example I
Physical Physical Physical
Refractive Thickness Refractive Thickness Refractive Thickness
Layer  Material  Index (nm) Index (nm) Index (nm)
Medium Air 1 1 1
12 Si02 1.48962 82.74 1.46929 85.06 1.49675 84.37
11 AIO,N,  2.07891 144.97 1.97879 150.86  2.06723 144.46
10 Si02 1.48962 2643 1.46929 26.54 1.49675 25.92
9 AIO,N,  2.07891 46.45 1.97879 48.63 2.06723 46.59
8 Si02 1.48962 17.08 1.46929 16.86 1.49675 16.56
7 AION,  2.07891 2000 1.97879 2000 2.06723 2000
6 Si02 1.48962 8.73 1.46929 8.56 1.49675 8.72
5 AIO,N,  2.07891 41.35 1.97879 44.1 2.06723 41.51
4 Si02 1.48962 29.94 1.46929 29.35 1.49675 30.05
3 AIO,N,  2.07891 235 1.97879 25.95 2.06723 23.42
2 Si02 1.48962 52.68 1.46929 50.28 1.49675 53.7
1 AIO,N,  2.07891 7.36 1.97879 8.55 2.06723 7.21
Substrate  Glass 1.511 1.50542 1.50542
Total Optical Coating Thickness ~ 2481.22 2494.75 2482.51
TABLE 2
Article including 16-layer optical coating.
Example J Example K Example L
Physical Physical Physical
Refractive Thickness Refractive Thickness Refractive Thickness
Layer  Material  Index (nm) Index (nm) Index (nm)
Medium Air 1 1 1
16 Si02 1.46929 91.07 1.46929 91.28 1.47079 88.31
15 AIO,N,  1.97879 163.1 1.97879 163.28 1.95183 157.24
14 Si02 1.46929 9.33 1.46929 9.01 1.47079 7.14
13 AIO,N,  1.97879 96.4 1.97879 97.14 1.95183 108.17
12 Si02 1.46929 24.03 1.46929 23.95 1.47079 27.86

11 AION, 1.97879 41.3 1.97879 41.26 1.95183 3147
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TABLE 2-continued

Article including 16-layer optical coating.

10 Si02 1.46929 47.23 1.46929 46.9 1.47079 63.22
9 AIO,N,  1.97879 38.69 1.97879 38.64 1.95183 30.41
8 Si02 1.46929 20.25 1.46929 20.35 1.47079 27.81
7 AIO,N,  1.97879 2000 1.97879 2000 1.95183 2000
6 Si02 1.46929 8.56 1.46929 8.56 1.47079 8.39
5 AION, 197879 44.1 1.97879 44.1 1.95183 45.24
4 Si02 1.46929 29.35 1.46929 29.35 1.47079 28.73
3 AIO,N,  1.97879 25.95 1.97879 25.95 1.95183 27.21
2 Si02 1.46929 50.28 1.46929 50.28 1.47079 48.4
1 AION, 197879 8.55 1.97879 8.55 1.95183 9.21
Substrate  Glass 1.50542 1.50542 1.50996
Total Optical Coating Thickness  2698.2 2698.6 2708.79
Example M Example N Example O
Physical Physical Physical
Refractive Thickness Refractive Thickness Refractive Thickness
Layer  Material  Index (nm) Index (nm) Index (nm)
Medium Air 1 1 1
16 Si02 1.47079 92.73 1.47503 93.15 148114 88.58
15 AIO,N, 195183 156.68 1.98174 162.83 2.00605 158.86
14 Si02 1.47079 7.3 1.47503 15.52 148114 10.2
13 AIO,N, 195183 102.39 1.98174 74.88 2.00605 95.49
12 Si02 1.47079 27.78 1.47503 16.04 148114 20.08
11 AIO,N, 195183 30.01 1.98174 60.83 2.00605 44.79
10 Si02 1.47079 64.5 1.47503 23.28 148114 41.36
9 AIO,N, 195183 27.42 1.98174 49.82 2.00605 40.02
8 Si02 1.47079 29.06 1.47503 12.2 148114 19.18
7 AIO,N,  1.95183 2000 1.98174 2000 2.00353 2000
6 Si02 1.47079 8.39 1.47503 8.3 148114 8.79
5 AION, 195183 45.24 1.98174 46.8 2.00605 42.85
4 Si02 1.47079 28.73 1.47503 29.1 148114 29.89
3 AIO,N, 195183 27.21 1.98174 274 2.00605 24.91
2 Si02 1.47079 48.4 1.47503 513 148114 52.29
1 AION, 195183 9.21 1.98174 9.4 2.00605 8
Substrate  Glass 1.50996 1.511 1.50542
Total Optical Coating Thickness ~ 2705.05 2680.86 2685.29
Example P Example Q Example R
Physical Physical Physical
Refractive Thickness Refractive Thickness Refractive Thickness
Layer  Material  Index (nm) Index (nm) Index (nm)
Medium Air 1 1 1
16 Si02 146774 89.81 1.47172 92.97 1.4952 89.3
15 AIO,N,  2.04423 148.85 2.05892 149.36 2.08734 150.63
14 Si02 146774 27.95 1.47172 25.6 1.4952 9.14
13 AIO,N,  2.04423 5342 2.05892 52.83 2.08734 98.24
12 Si02 146774 39.06 1.47172 38.26 1.4952 19.24
11 AIO,N,  2.04423 40.17  2.05892 39.2 2.08734 40.7
10 Si02 146774 54.76 1.47172 51.09 1.4952 39.66
9 AIO,N,  2.04423 358 2.05892 36.17 2.08734 37.3
8 Si02 146774 26.97 1.47172 24.75 1.4952 17.82
7 AIO,N,  2.04423 2000 2.05892 2000 2.08734 2000
6 Si02 146774 8.51 1.47172 8.51 1.4952 8.72
5 AION,  2.04423 42.25 2.05892 42.25 2.08734 41.04
4 Si02 146774 29.16 1.47172 29.16 1.4952 29.92
3 AIO,N,  2.04423 24.84  2.05892 24.84 2.08734 23.26
2 Si02 146774 5045 1.47172 5045 1.4952 53.63
1 AION, 204423 819  2.05892 8.19 2.08734 7.22
Substrate  Glass 1.50996 1.50996 1.50996
Total Optical Coating Thickness  2680.2 2673.64 2665.82
Example S
Physical
Refractive Thickness
Layer Material Index (nm)
Medium Air 1
16 Si02 1.4952 92.38
15 AIO,N, 2.08734 150.06

14 Si02 1.4952 10.05
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TABLE 2-continued

34

Article including 16-layer optical coating.

13 AIO,N, 2.08734
12 Si02 1.4952
11 AION,, 2.08734
10 Si02 1.4952
9 AIO,N, 2.08734
8 Si02 1.4952
7 AIO,N, 2.08734
6 Si02 1.4952
5 AIO,N, 2.08734
4 Si02 1.4952
3 AIO,N, 2.08734
2 Si02 1.4952
1 AIO,N,, 2.08734
Substrate Glass 1.50996

Total Thickness

As shown in Tables 1 and 2, the physical thickness of the
layers of the optical film may vary, with the scratch resistant
layer (layer 6) having the greatest thickness. The physical
thickness ranges for the layers may be as shown in Tables 3-4.
In both the 16-layer and 12-layer designs above, layer 7 has
the greatest physical thickness and imparts significant hard-
ness and scratch resistance to the optical coating and the
article. It should be understood that a different layer could be
made to have the greatest physical thickness. However, in
these particular designs, the impedance matching layers
above and below the thickest layer (in this case, layer 7) mean
that there is a large optical design freedom for adjusting the
thickness of the thickest layer, as shown in Tables 3-4 below.

TABLE 3

Layer thickness range for exemplary
12-layer optical coating.

layer min max
12 60 120
11 120 180
10 20 30
9 40 55
8 10 20
7 150 5000
6 5 15
5 35 50
4 25 35
3 20 30
2 40 60
1 5 12
TABLE 4
Layer thickness range for exemplary
16-layer optical coatings.

layer min max
16 60 120
15 120 180
14 5 35
13 40 110
12 10 45
11 25 70
10 20 70
9 20 60
8 5 40
7 150 5000
6 5 15
5 30 50

96.93
18.89
41.87
40.14
37.64
17.38
2000
8.72
41.04
29.92
23.26
53.63
7.22
2669.12
20 TABLE 4-continued
Layer thickness range for exemplary
16-layer optical coatings.
layer min max
23 4 20 40
3 20 40
2 30 60
1 5 15
30

35

40

45

50

55

60

65

A second aspect of this disclosure pertains to a method for
forming the articles described herein. In one embodiment, the
method includes providing a substrate having a major surface
in a coating chamber, forming a vacuum in the coating cham-
ber, forming a durable optical coating as described herein on
the major surface, optionally forming an additional coating
comprising at least one of an easy-to-clean coating and a
scratch resistant coating, on the optical coating, and removing
the substrate from the coating chamber. In one or more
embodiments, the optical coating and the additional coating
are formed in either the same coating chamber or without
breaking vacuum in separate coating chambers.

In one or more embodiments, the method may include
loading the substrate on carriers which are then used to move
the substrate in and out of different coating chambers, under
load lock conditions so that a vacuum is preserved as the
substrate is moved.

The optical coating 120 and/or the additional coating 140
may be formed using various deposition methods such as
vacuum deposition techniques, for example, chemical vapor
deposition (e.g., plasma enhanced chemical vapor deposition
(PECVD), low-pressure chemical vapor deposition, atmo-
spheric pressure chemical vapor deposition, and plasma-en-
hanced atmospheric pressure chemical vapor deposition),
physical vapor deposition (e.g., reactive or nonreactive sput-
tering or laser ablation), thermal or e-beam evaporation and/
or atomic layer deposition. Liquid-based methods may also
be used such as spraying, dipping, spin coating, or slot coat-
ing (for example, using sol-gel materials). Where vacuum
deposition is utilized, inline processes may be used to form
the optical coating 120 and/or the additional coating 140 in
one deposition run. In some instances, the vacuum deposition
can be made by a linear PECVD source.

In some embodiments, the method may include controlling
the thickness of the optical coating 120 and/or the additional
coating 140 so that it does not vary by more than about 4%
along at least about 80% of the area of the anti-reflective
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surface 122 or from the target thickness for each layer at any
point along the substrate area. In some embodiments, the
thickness of the optical coating 120 and/or the additional
coating 140 so that it does not vary by more than about 4%
along at least about 95% of the area of the anti-reflective
surface 122.

EXAMPLES

Various embodiments will be further clarified by the fol-
lowing examples. In the Examples, it should be noted that
AlOxNy and SiuAlvOxNy were found to be substantially
interchangeable as the high-index material in the modeled
examples, with only minor process adjustments necessary to
re-create the targeted refractive index dispersion values and
layer thickness designs provided, which are apparent to one
of ordinary skill in the art.

Example 1

Example 1 included a 12-layer optical coating 300, includ-
ing layers 305, 310, 320, 330, 340, 350, 360, 370, 380, 390
and 400 sequentially disposed on top of one another, and
disposed on a strengthened aluminosilicate glass substrate
201 having a nominal composition of about 58 mol % SiO,,
16.5 mol % Al,O;, 17 mol % Na,O, 3 mol % MgO, and about
6.5 mol % P,Os. The optical coating 300 also includes a
scratch resistant layer 345 (including sub-layers 345A-3451)
disposed within the layers of the anti-reflective coating. The
structure of the article is shown in FIG. 8 (the thicknesses
shown in FIG. 8 are not exact and intended to be illustrative)
and the relative thicknesses of the layers are shown in Table 5.

Both SiO, and Si,Al,O,N, layers were made by reactive
sputtering in an AJA-Industries Sputter Deposition Tool.
Si0, was deposited by DC reactive sputtering from an Si
target with ion assist; Si, Al,O,N, material was deposited by
DC reactive sputtering combined with RF superimposed DC
sputtering with ion assist. The targets were 3" diameter Sili-
con and 3" diameter Al. The reactive gasses were nitrogen and
oxygen, and the “working” (or inert) gas was Argon. The
power supplied to the Silicon was radio frequency (RF) at
13.56 Mhz. The power supplied to the Aluminum was DC.

The sputtering process conditions by which the structure of
the anti-reflective coating were made are shown in Table 6.

Layers 340 and 345A-1 of period 3 included a layer having
a substantially homogenous composition (layer 340) and plu-
rality of layers, when compared to one another, having a
refractive index gradient (layers 345A-3451) formed from
altering the composition of the plurality of layers from one
layer to the next adjacent layer so the refractive index
increases step-wise or monotonically from 2.015 to 2.079 to
2.015, as shown in Table 5. The refractive indices of layers
345B-D and 345F-H were not measured but were estimated
based on known methods in the art. The article fabricated
according to Example 1 exhibited significantly improved
abrasion resistance compared to the abrasion and scratch
resistance of a comparative uncoated bare glass substrate
together with reflectance below 1% over a portion of the
optical wavelength regime.
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TABLE 5

Structure of Example 1.

Refractive Target
Index Physical
Layer Periods Material @ 550 nm Thickness
Ambient — Air 1
medium
Optical 1 Si0, (305) 1.483 87.84 nm
coating Si,AlLO,N, (310) 2.015 147.92 nm
2 Si0;, (320) 1.483 20.32 nm
Si, ALO,N, (330) 2.015 49.63 nm
3 Si0;, (340) 1.483 11.86 nm
Si,ALO,N, (345A)  2.015 84.11 nm
Si,ALO,N,, (345B)  2.031* 88.54 nm
Si,ALON, (345C)  2.047* 92.98 nm
Si,ALO,N,, (345D)  2.063* 97.41 nm
Si,ALO,N,, (345E)  2.079 1219.51 nm
Si,ALON,, (345F)  2.063* 97.41 nm
Si,ALON, (345G) 2.047* 92.98 nm
Si,ALO,N,, (345H)  2.031* 88.54 nm
Si,ALON, (345T)  2.015 84.11 nm
4 Si0, (350) 1.483 8.38 nm
Si, ALO,N, (360) 2.015 45.98 nm
5 Si0, (370) 1.483 33.21 nm
Si, ALO,N,, (380) 2.015 24.96 nm
6 Si0;, (390) 1.483 60.17 nm
Si, ALO,N,, (392) 2.015 8.78 nm
Substrate —  AS Glass (500) 1. 51005
— Total Coating Thickness 2444.64 nm

TABLE 6

DC/RF Reactive Sputtering Process Conditions for Example 1.

ArFlow N2flow O2flow Al Al Si P
Layer(s) (sccm) (scem) (scem) Wif Wde Wrf  (torr)
305, 320, 30 30 33 75 50 500 4
340, 350,
370,390
310, 330, 30 30 0.5 200 300 500 4
360, 780,
392
345A, 3451 30 30 0.5 200 300 500 4
345B, 345H 30 30 0.5 200 300 500 3.5
345C, 345G 30 30 0.5 200 300 500 3
345D, 345F 30 30 0.5 200 300 500 25
345E 30 30 0.5 200 300 500 2

Modeled Examples 2-3 & Comparative Modeled
Example 4

Modeled Examples 2-3 used modeling to demonstrate the
reflectance spectra of articles that included embodiments of
the optical coating, as described herein. In Modeled
Examples 2-5, the optical coating included Si,Al,O,N,, and
SiO, layers, and a strengthened aluminosilicate glass sub-
strate having a nominal composition of about 58 mol % SiO,,
17 mol % Al,0;, 17 mol % Na,O, 3 mol % MgO, 0.1 mol %
SnO, and 6.5 mol % P,0O;.

To determine the refractive index dispersion curves for the
coating materials, layers of each coating material were
formed onto silicon wafers by DC, RF or RF superimposed
DC reactive sputtering from a silicon, aluminum, silicon and
aluminum combined or co-sputtered, or magnesium fluoride
target (respectively) at a temperature of about 50° C. using ion
assist. The wafer was heated to 200° C. during deposition of
some layers and targets having a 3 inch diameter were used.
Reactive gases used included nitrogen, fluorine and oxygen;
argon was used as the inert gas. The RF power was supplied
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to the silicon target at 13.56 Mhz and DC power was supplied
to the Si target, Al target and other targets.

The refractive indices (as a function of wavelength) of each
of the formed layers and the glass substrate were measured
using spectroscopic ellipsometry. The refractive indices thus
measured were then used to calculate reflectance spectra for
Modeled Examples 2-5. The modeled examples use a single
refractive index value in their descriptive tables for conve-
nience, which corresponds to a point selected from the dis-
persion curves at about 550 nm wavelength.

Modeled Example 2 included a 12-layer optical coating
with layers sequentially disposed on top of one another, dis-
posed on a strengthened aluminosilicate glass substrate 200,
as shown in Table 7.

TABLE 7

Structure of Modeled Example 2.

Refractive
Index @ Modeled Physical
Layer Periods Material 550 nm Thickness
Ambient — Air 1
medium
optical 1 SiO,-a 1.4826 87 nm
reflective Si, ALON,  2.015 149 nm
coating
2 SiOs-a 1.4826 20 nm
Si,ALON,,  2.015 50 nm
SiO5-a 1.4826 12 nm
Scratch Si,ALON,  2.015 505 nm (but variable
resistant in the range from about
layer 100 nm to about 5000 nm)
3 SiO5-a 1.4826 9 nm
Si,ALON,,  2.015 48 nm
4 SiO,-a 1.4826 33 nm
Si,ALON,,  2.015 25 nm
5 SiO5-a 1.4826 60 nm
Si,ALON,,  2.015 8 nm
Substrate — ASGlass 1.51005

The reflectance of a single side of the article of Modeled
Example 2 was calculated at different viewing incident illu-
mination angles or angle of illumination (“AOI”) and the
resulting reflectance spectra is shown in FIG. 9. The reflected
color, based on a 10° observer under a D65 illuminant and a
F2 illuminant was also measured and the a* and b* values are
plotted as the incident illumination angle or AOI changed
from 0 degrees to about 60 degrees from normal incidence at
regular increments. The plot showing the reflected color is
shown in FIG. 10.

Modeled Example 3 included a 10-layer optical coating
with layers sequentially disposed on top of one another, dis-
posed on a strengthened aluminosilicate glass substrate 200.
The relative thicknesses of the layers are shown in Table 8.

TABLE 18

Structure of Modeled Example 3.

Refractive Modeled
Index @ Physical
Layer Periods Material 550 nm Thickness
Ambient — Air 1
medium
Optical 1 SiO,-a 1.4826 79 nm
coating Si, ALO,N,, 2.015 170 nm
Si0,-a 1.4826 12 nm
Scratch  Si, ALLO,N, 2.015 350 nm (but
Resistant variable in
layer the range from
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TABLE 18-continued

Structure of Modeled Example 3.

Refractive Modeled

Index @ Physical

Layer Periods Material 550 nm Thickness
about 100 nm to
about 2000 nm)

2 SiO5-a 1.4826 6 nm

Si, ALO,N,, 2.015 69 nm

3 SiO5-a 1.4826 18 nm

Si, ALON, 2.015 20 nm

4 SiO5-a 1.4826 23 nm

Si, ALO,N,, 2.015 15 nm

Substrate — AS Glass 1.51005

The reflectance of a single side of the article of Modeled
Example 3 was calculated at different viewing incident illu-
mination angles or angle of illumination (“AOI”) and the
resulting reflectance spectra is shown in FIG. 11. The
reflected color, based on a 10° observer under a D65 illumi-
nant and a F2 illuminant was also measured and the a* and b*
values are plotted as the incident illumination angle or AOI
changed from O degrees to about 60 degrees from normal
incidence at regular increments. The plot showing the
reflected color is shown in FIG. 12.

The optical performance of Modeled Examples 3 was com-
pared to Comparative Modeled Example 4, which included a
6-layer anti-reflective coating of alternating Nb,O; and SiO,
layers and a hydrophobic coating disposed on the anti-reflec-
tive coating. To generate Comparative Modeled Example 4,
ion-assisted e-beam deposition was used to deposit a single
layer of Nb,O; onto a silicon wafer and a single layer of SiO,
onto a silicon wafer. The refractive indices as a function of
wavelength for these layers were measured using spectro-
scopic ellipsometry. The measured refractive indices were
then used in Comparative Modeled Example 4. The optical
performance evaluated includes average reflectance over the
wavelength range from about 450 nm to about 650 nm and
color shift (with reference to a* and b* coordinates (-1, -1),
using the equation V(a*,,,,z.=(~1)4(b* .pr—(-1)7)
when viewed at an incident illumination angles in the range
from about 0 degrees to about 60 degrees from normal inci-
dence under FO2 and D65 illuminants. Table 9 shows the
average reflectance and the greatest color shift of Modeled
Example 3, and Comparative Modeled Example 4.

TABLE 9

Average Reflectance and Color Shift for Modeled Example 3and
Comparative Modeled Example 4.

Avg. Color Shift
Reflectance Referenced to
Ex. 450-650 nm (%)  (a*,b*) =(-1,-1)
Modeled Example 3, 10-layer 1.5 1.5
Si, ALO,N,, or AIO,N,/SiO,
Modeled Comp. Ex. 4, 6-layer 0.3 7.9

Nb205/8i0,/hydrophobic
coating

As shown in Table 12, while Comparative Modeled 4
exhibited a lower average reflectance, it also exhibited the
greatest color shift. Modeled Example 3 had significantly less
color shift though, although reflectance was increased
slightly. Based on fabrication and testing of similar coatings
with similar materials, it is believed that Modeled Example 3
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would have exhibited superior scratch and abrasion resistance
over Comparative Modeled Example 4.

40

Example 5 exhibited a single side photopic average reflec-
tance (i.e., measured from the anti-reflective surface 122)
over the optical wavelength regime under D65 illumination at

Example 5 incident illumination angles 0f0°,30°, 45° and 60°, 00.71%,
. L 5 0.76%, 1.43%, and 4.83%, respectively. Example 5 exhibited
Exampf 5. included a s;rengthen.e(.i aluI;méosﬂlggte gllas/s a single side photopic average transmittance (i.e., measured
substrate having a nominal composition of about 58 mol % through the anti-reflective surface 122) over the optical wave-
Si0,, 17 mol % Al,0;, 17 mol % Na,O, 3 mol % MgO, 0.1 lenoth reci der D65 illuminati incident illumi
mol % SnO, and 6.5 mol % P,0. and a 16-layer optical ength regime under 1llumination at incident i1llumina-
T PO 275 . tion angles of 0°, 30°, 45° and 60°, of 99.26%, 99.21%,
coating including a 2 micrometer scratch resistant layer, as 10 o o .
: 98.54%, and 95.14%, respectively.
show in Table 10. g .
Example 5 exhibited a total photopic average reflectance
TABLE 10 (i.e., measured from the anti-reflective surface 122 and the
opposite major surface 114) over the optical wavelength
Structure of Example 5. |5 regime under D65 illumination at incident illumination
) ) angles of 0°, 30°, 45° and 60°, of 4.80%, 4.99%, 6.36%, and
Refractive Physical o . e .
Periods, if Index Thickness 12.64%, respec.tlvely. Example 5 exhibited a total p.hotoplc
Coating/Layer  applicable ~ Material (@ 550 nm) (nm) average transmittance (i.e., measured through the anti-reflec-
mbiont — o tive surface 122 and the opposite major surface 114) over the
medium 20 optical wavelength regime under D65 illumination at incident
Optical 1 Sio, 1.47503 92.6 illumination angles of 0°, 30°, 45° and 60°, of 95.18%,
coating ALON, Lo8174 1638 94.99%, 93.61%, and 87.33%, respectively.
2 Si0, 1.47503 15.7 . .
AION. 1.98174 73 The reflectance and transmitted color coordinates for a
LY : ’ . . . .
3 Si0, 1.47503 16.5 single surface (i.e., anti-reflective surface 122) and two sur-
AION, 198174 82925 faces (i.e., anti-reflective surface 122 and major surface 114
4 Sio, 1.47503 25 €5 ce’ : 1or )
AIO,N, 1.98174 53.2 of FIG. 1) of Example 5, under incident illumination angles or
Si0, 1.47503 12.5 : :
Seraich-  AIOX, Lo8174 2000 AOI from O.degrees to 60 degrees e}nd illuminants D65 and F2
Resistant are shown in Tables 11A-11D. Single surface color coordi-
Lasyer so 47503 ey 30 nates were measured by eliminating transmission or reflec-
1 E . . . .
Alo)j\ly 198174 468 tance from the major surface 114, as is known in the art. The
6 Si0, 1.47503 29.1 color shift is calculated using the following equation: v((a*,—
; Aé%Ny }'igégg g;‘ a* )2+(b*,—b* )?), witha* |, and b* | representing the a* and
Aloj\]y 198174 94 b* coordinates of the article when viewed at normal incidence
— — AS Glass 1.51005 = (i.e., AOI=0) and a*,, and b*, representing the a* and b*
Total coating thickness 26843 coqrdlnates of .the article when viewed at an 1.1101.dent 111u.ml-
nation angle different or away from normal incidence (i.e.,
AOI=1-60).
TABLE 11A
One surface reflectance and transmitted color coordinates
(Y. L*, a* and b*) using illuminant D65 for Example 5.
Reflectance, D65 Transmittance, D65
AOL Y L* a* b*  AOL Y L* a* b*
0 07069 6.3854 -2.2225 -1.0799 0 99.2661 99.7155 0.0176 0.246
1 07068 63845 -2.2203 -1.0789 1 99.2662 99.7156 0.0175 0.2459
2 07065 6382 22135 -1.0756 2 99.2664 99.7157 0.0172 0.2458
307061 63779 -2.2023 -1.0702 3 99.2669 99.7158 0.0167 0.2456
4 07055 63723 -2.1865 -1.0628 4 99.2675 99.7161 0.016  0.2453
5 07047 63652 -2.1662 -1.0533 5 99.2683 99.7164 0.0151 0.245
6 07037 63569 -2.1415 -1.0419 6 99.2692 99.7167 0.014  0.2446
707027 63475 -2.1123 -1.0286 7 99.2702 99.7171 0.0127 0.2441
8 07016 63372 -2.0788 -1.0136 8 99.2713 99.7176 0.0113 0.2436
9 07004 63264 -2.0408 -0.9969 9 99.2725 99.718  0.0096 0.243
10 0.6991 63152 -1.9986 -0.9787 10 99.2737 99.7185 0.0077 0.2423
11 0.6979 63041 -1.9522 -0.9591 11 99.2749 99.719  0.0057 0.2416
12 0.6967 6.2934 -1.9016 -0.9382 12 99.2761 99.7194 0.0034 0.2409
13 0.6956 6.2835 -1.8471 -0.9162 13 99.2772 99.7198 0.001  0.2401
14 0.6947 62749 -1.7887 -0.8932 14 99.2781 99.7202 -0.0016 0.2393
15 0.6939 6.2681 -1.7267 -0.8694 15 99.2788 99.7205 -0.0043 0.2385
16 0.6934 6.2636 -1.6611 -0.8449 16 99.2793 99.7207 -0.0072 0.2377
17 0.6932 6262 -1.5923 -0.8199 17 99.2794 99.7207 -0.0103 0.2368
18 0.6935 62641 -1.5205 -0.7945 18 99.2792 99.7206 -0.0135 0.236
19 0.6942 62705 -1.4458 -0.7688 19 99.2784 99.7203 -0.0168 0.2351
20 0.6955 62819 -1.3687 —0.7431 20 99.2771 99.7198 -0.0202 0.2343
21 0.6974 62993 -1.2894 —0.7174 21 99.2752 99.7191 -0.0237 0.2335
22 07001 63236 -1.2084 —0.6919 22  99.2724 99.718 -0.0273 0.2326
23 07036 63557 -1.1258 —0.6665 23 99.2688 99.7166 -0.031  0.2319
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TABLE 11A-continued

One surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant D65 for Example 5.

Reflectance, D65 Transmittance, D65

AOI Y L* a* b* AOI Y L* a* b*

24 0.7082 6.3967 -1.0423 -0.6414 24 99.2643 99.7148 -0.0347 0.2311
25 07138  6.4477 -0.9582 -0.6164 25 99.2586 99.7126 -0.0385 0.2303
26 0.7207  6.5102 -0.8741 -0.5915 26 99.2516 99.7099 -0.0422 0.2296
27 0729 6.5854 -0.7904 -0.5664 27 99.2432 99.7066 -0.0459 0.2289
28 0.739 6.675 -0.7077 -0.5409 28 99.2333 99,7028 -0.0496 0.2281
29 0.7506  6.7805 -0.6266 -0.5147 29 99.2215 99.6982 -0.0533 0.2274
30 0.7643  6.9039 -0.5476 -0.4874 30 99.2078 99.6929 -0.0568 0.2266
31 0.7802  7.0472 -0.4712 -0.4586 31 99.1919 99.6867 -0.0602 0.2257
32 0.7985  7.2125 -0.398 -0.4279 32 99.1736 99.6796 -0.0635 0.2248
33 0.8195 7.4024 -0.3283 -0.395 33 99.1525 99.6714 -0.0667 0.2238
34 0.8435 7.6196 -0.2625 -0.3596 34 99.1284 99.662 -0.0697 0.2227
35 0.8709  7.8669 -0.2007 -0.3214 35 99.101 99.6513 -0.0725 0.2214
36 0902 8.1468 -0.1414 -0.2752 36 99.0698 99.6392 -0.0752 0.2201
37 09372 84567 -0.0861 -0.2264 37 99.0346 99.6255 -0.0776 0.2186
38 09769 87973 -0.0372 -0.1764 38 98.9948 99.61 -0.0799 0.217

39 10216  9.1699 0.0056 -0.1256 39 989501 99.5926 -0.0821 0.2153
40  1.0718 9.5758 0.0426 -0.0743 40 98.8998 99.573 -0.0841 0.2134
41 1.1281 10.0162 0.0743 -0.0225 41 98.8434 99,5511 -0.0859 0.2113
42 11912 10.4922 0.101 0.0294 42 987803 99.5265 -0.0876 0.2091
43 1.2617 11.0049 0.1232 0.0814 43 98.7098 99.4989 -0.0892 0.2066
44 1.3404 11.5553 0.1413 0.1336 44 98.631 99.4682 -0.0907 0.2039
45 14283 12.1444 0.1557 0.1858 45 98.5431 99.4339 -0.0921 0.2009
46 1.5261 12.7732 0.1668 0.2381 46 98.4452 99.3957 -0.0934 0.1976
47  1.6351 13.4424 0.1751 0.2904 47 98.3362 99.353 -0.0946 0.194

48  1.7564 14.1531 0.1811 0.3424 48 98.2148 99.3056 -0.0957 0.1899
49 1.8913 149062 0.1854 0.3938 49 98.0799 99.2528 -0.0968 0.1855
50 20413 15.7024 0.1885 0.4444 50 97.9299 99.194 -0.0979 0.1806
51 22079 16.5427 0.1911 0.4936 51 97.7632 99.1286 -0.0991 0.1753
52 23931 17.428 0.1938 0.5409 52 97.5781 99.0559 -0.1003 0.1695
53 25987 183592 0.197 0.5859 53 97.3724 98975 -0.1017 0.1633
54 2827 193372 0.2012 0.6283 54 97.1441 98.8851 -0.1033 0.1566
55  3.0804 20.363 0.2067 0.6676 55 96.8908 98.7851 -0.1051 0.1495
56 33616 21.4375 0.2139 0.7037 56 96.6095 98.6739 -0.1073 0.1419
57 3.6737 225619 0.2227 0.7365 57 96.2975 98.5503 -0.1098 0.1338
58 40199 237372 0.2332 0.7658 58 959513 98.4129 -0.1128 0.1252
59 4404 249646 0.2453 0.7917 59 955672 98.26  -0.1163 0.1162
60  4.8302 26.2453 0.2587 0.8141 60 95.1411 98.09  -0.1203 0.1066

Reflectance color shift range between normal incidence (AOI = 0°) to AOI = 32°
Low: 0.0024

High: 1.9375

Reflectance color shift range between normal incidence (AOI = 0°) and AOI = 33-60°
Low: 2.0142

High: 3.1215

Transmittance color shift range from normal incidence (AOI = 0°) to AOI = 60°

Low: 0.0001

High: 0.1961

TABLE 11B
One surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant F2 for Example 5.
Reflectance, F2 Transmittance, F2
AOI Y L* a* b* AOI Y L* a* b*

0 0.6618 59781 -0.7261 -2.007 0 99.3206 99.7367 -0.0204 0.3099
1 0.6618 59776 -0.7239 -2.006 1 99.3207 99.7367 -0.0205 0.3099
2 0.6616 59764 -0.7173 -2.0029 2 99.3208 99.7368 -0.0208 0.3098
3 0.6614 59743 -0.7063 -1.9975 3 99.321  99.7369 -0.0213 0.3096
4 06611 59715 -0.6912 -1.9895 4 993213 99.737 -0.022  0.3093
5  0.6607 59682 -0.6721 -1.9786 5 99.3217 99.7371 -0.0228 0.3089
6 0.6603 59644 -0.6492 -1.9641 6 99.3221 99.7373 -0.0238 0.3084
7 0.6599 59604 -0.623 -1.9452 7 99.3225 99.7375 -0.025  0.3077
8 0.6594 59564 -0.5939 -1.921 8 99.323 99.7376 -0.0262 0.3067
9  0.659 5.9526 -0.5624 -1.8903 9  99.3234 99.7378 -0.0276 0.3056

10 0.6586 5.9495 -0.5291 -1.8518 10 99.3237 99.7379 -0.0291 0.304
11 0.6584 5.9473 -0.4947 -1.804 11 99.3239 99.738 -0.0306 0.3022
12 0.6583 5.9464 -0.4602 -1.7451 12 99.324 99.738 -0.0321 0.2998
13 0.6584 59474 -0.4263 -1.6736 13 99.3239 99.738 -0.0336 0.2969
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TABLE 11B-continued

One surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant F2 for Example 5.

Reflectance, F2 Transmittance, F2

AOI Y L* a* b* AOI Y L* a* b*

14 0.6588 59507 -0.3939 -1.588 14 99.3235 99.7378 -0.0351 0.2935
15 0.6595 59569 -0.3639 -1.4872 15 99.3228 99.7376 -0.0364 0.2893
16 0.6605 59667 -0.337 -1.3704 16 99.3217 99.7371 -0.0376 0.2846
17 0.6621 59805 -0.3138 -1.2379 17 99.3201 99.7365 -0.0387 0.2791
18 0.6642 59993 -0.2945 -1.0907 18 99.3181 99.7357 -0.0396 0.2731
19 0.6669  6.0237 -0.2791 -0.9313 19 99.3153 99.7347 -0.0403 0.2665
20 0.6703  6.0545 -0.2671 -0.7634 20 99.3119 99.7333 -0.0409 0.2596
21 0.6745 6.0925 -0.2576 -0.5919 21 99.3077 99.7317 -0.0414 0.2525
22 0.6796  6.1387 -0.2494 -0.423 22 993025 99.7297 -0.0419 0.2456
23 0.6857  6.1939 -0.2409 -0.2638 23 99.2964 99.7273 -0.0423 0.2391
24 0.6929 6259 -0.2301 -0.1213 24 99.2891 99.7245 -0.0429 0.2334
25 0.7013  6.3349 -0.2156 -0.0024 25 99.2807 99.7212 -0.0436 0.2286
26 0711 6.4227 -0.1957 0.0877 26 99.271 99.7174 -0.0445 0.2251
27 07222 6.5235 -0.1697 0.1461 27 99.2598 99.7131 -0.0457 0.223

28  0.7349  6.6383 -0.1376 0.1729 28 99.247 99.7081 -0.0472 0.2222
29 0.7493  6.7685 -0.1003 0.1718 29 99.2326 99.7025 -0.0489 0.2227
30 07656 69156 -0.0602 0.1502 30 99.2163 99.6962 -0.0507 0.224

31 0.7839 7.0812 -0.0203 0.1188 31 99.1979 99.689 -0.0525 0.2258
32 0.8046 7.2676 0.0152 0.0906 32 99.1772 99.681 -0.0541 0.2274
33 0.8277  7.4769 0.042 0.0793 33 99.154 99.672 -0.0554 0.2283
34 0.8538 7.712 0.0557 0.0975 34 99.128 99.6618 -0.0561 0.228

35  0.883 7.9761 0.0528 0.1547 35 99.0987 99.6504 -0.0561 0.226

36 09158 82697 0.0302 0.2513 36 99.0658 99.6377 -0.0552 0.2221
37 09527 85911 -0.0099 0.3831 37 99.0289 99.6233 -0.0536 0.2164
38 09941 89422 -0.0645 0.5402 38 989875 99.6072 -0.0511 0.2093
39 1.0405 93246 -0.129 0.7072 39 98941 99.5891 -0.0481 0.2012
40 1.0925 9.7396 -0.1976 0.8659 40 98.880 99.5688 -0.0446 0.193

41 1.1507 10.1883 -0.2644 0.9983 41 98.8308 99.5461 -0.0409 0.1855
42 1.2155 10.6716 -0.3237 1.0895 42 98.7659 99.5208 -0.0374 0.1794
43 1.2878 11.1899 -0.3713 1.1306 43  98.6936 99.4927 -0.0342 0.1755
44 1.3681 11.7436 -0.4048 1.1201 44 98.6133 99.4613 -0.0315 0.1739
45 14572 123332 -0.4237 1.0639 45 98.5242 99.4265 -0.0295 0.1749
46 1.5559 12,9589 -0.4293 0.9737 46 984255 99.388 -0.0281 0.1779
47  1.6651 13.6215 -0.4245 0.8651 47 983162 99.3452 -0.0272 0.1824
48  1.786 143216 -0.4128 0.7541 48 98,1953 99.2979 -0.0268 0.1876
49 19198 15.0605 -0.3977 0.6554 49 98.0615 99.2455 -0.0265 0.1924
50 20679 15.8396 -0.3825 0.5796 50 97.9134 99.1875 -0.0263 0.196

51 2232 16.6606 -0.3695 0.5329 51 97.7492 99.1231 -0.0259 0.1978
52 2414 17.5253 -0.3598 0.5165 52 97.5672 99.0516 -0.0251 0.1972
53 2.6161 18.4358 -0.3537 0.5274 53 97.3651 98.9721 -0.024 0.1942
54 2.8406 193939 -0.3505 0.5593 54 97.1406 98.8837 -0.0226 0.1888
55  3.0901 20.4013 -0.3488 0.6041 55 96.8911 98.7852 -0.0209 0.1816
56 33676 21.4598 -0.347 0.6535 56 96.6136 98.6755 -0.019 0.1731
57  3.6762 225706 -0.3435 0.6999 57 96.3051 98.5533 -0.0172 0.164

58 40192 23735 -0.3371 0.7375 58 95962 984171 -0.0155 0.1548
59 44006 249539 -0.3267 0.7627 59 955807 98.2654 -0.0143 0.1461
60  4.8243 26.2282 -0.3118 0.7741 60 95.157 98.0963 -0.0136 0.1383

Reflectance color shift range between normal incidence (AOI = 0°) to AOI = 24°
Low: 0.0024

High: 1.9498

Reflectance color shift range between normal incidence (AOI = 0°) and AOI = 25-60°
Low: 2.0685

High: 3.1576
Transmittance color shift range from normal incidence (AOI = 0°) to AOI = 60°
Low: 0.0001
High: 0.1717
TABLE 11C
Two surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant D65 for Example 5.
Reflectance, D65 Transmittance, D65
AOI Y L* a* b* AOI Y L* a* b*

47958 26.145 -0.7591 -0.6773
4.7958 26.1448 -0.7584 -0.677
47955 26.144 -0.7564 -0.6761
47951 26.1428 -0.7531 -0.6745

95.1759 98.1039 0.0189 0.3086
95.176  98.1039 0.0188  0.3085
05.1763 98.104 0.0185 0.3084
95.1767 98.1042 0.018 0.3082

W= O
W= O
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TABLE 11C-continued

Two surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant D65 for Example 5.

Reflectance, D65 Transmittance, D65

AOI Y L* a* b* AOI Y L* a* b*

4 4.7945 26.1412 -0.7484 -0.6724 4 951772 98.1044 0.0174 0.308
5 4.7939 26.1392 -0.7424 -0.6696 5 951779 98.1046 0.0165 0.3077
6 4.7931 26.137 -0.7351 -0.6663 6 951786 98.1049 0.0155 0.3073
7 4.7923 26.1347 -0.7264 -0.6625 7 95.1794 98.1053 0.0143 0.3068
8 4.7915 26.1323 -0.7164 -0.6581 8 951802 98.1056 0.0128 0.3063
9 4.7907 26.1301 -0.705 -0.6532 9 95.1809 98.1059 0.0113 0.3058
10 47901 26.1282 -0.6924 -0.6479 10 95.1816 98.1061 0.0095 0.3052
11 47896 26.1268 -0.6785 -0.6421 11 95.182 98.1063 0.0075 0.3045
12 47894 26.1261 -0.6633 -0.6359 12 95.1822 98.1064 0.0054 0.3038
13 4.7895 26.1265 -0.6468 -0.6294 13 95.1821 98.1063 0.0031 0.3031
14 47901 26.1281 -0.6292 -0.6225 14 95.1815 98.1061 0.0006 0.3024
15 47912 26.1314 -0.6103 -0.6153 15 95.1803 98.1056 -0.002  0.3016
16 4.7929 26.1365 -0.5904 -0.6079 16 95.1785 98.1049 -0.0048 0.3009
17 4.7955 26.144 -0.5694 -0.6003 17 95.176 98.1039 -0.0077 0.3001
18 4799  26.1542 -0.5475 -0.5924 18 95.1724 98.1025 -0.0107 0.2993
19 4.8035 26.1675 -0.5246 -0.5844 19 95.1679 98.1006 -0.0139 0.2986
20 4.8093 26.1845 -0.501 -0.5763 20 95.162 98.0983 -0.0172 0.2978
21 4.8166 26.2057 -0.4766 -0.568 21 95.1547 98.0954 -0.0206 0.2971
22 4.8255 26.2316 -0.4516 -0.5597 22 95.1458 98.0918 -0.024  0.2964
23 4.8362 26.2628 -0.4262 -0.5513 23 95.1351 98.0875 -0.0275 0.2957
24 4.849 263 -0.4004 -0.5428 24 95.1222 98.0824 -0.0311 0.295
25 4.8641 26344 -0.3745 -0.5342 25 95.107 98.0763 -0.0347 0.2943
26 4.8819 26.3955 -0.3485 -0.5254 26 95.0892 98.0692 -0.0383 0.2937
27 4.9025 264553 -0.3226 -0.5163 27 95.0685 98.0609 -0.0419 0.2931
28 4.9265 26.5243 -0.2971 -0.5069 28 95.0445 98.0513 -0.0454 0.2924
29 4.9541 26.6035 -0.2721 -0.497 29  95.0168 98.0403 -0.0489 0.2918
30 4.9857 26.6939 -0.2478 -0.4866 30 94,9852 98.0276 -0.0523 0.2911
31 5.0217 26.7965 -0.2244 -0.4755 31 94,9491 98.0131 -0.0557 0.2903
32 5.0627 269127 -0.202 -0.4635 32 94908 97.9967 -0.0589 0.2895
33 5.1092 27.0435 -0.1807 -0.4506 33 94.8615 97.9781 -0.0619 0.2887
34 5.1616 27.1904 -0.1607 -0.4368 34 94.8089 97.957 -0.0648 0.2877
35 5.2208 27.3547 -0.142 -0.4219 35 94.7497 97.9333 -0.0676 0.2866
36 5.2872 27.5379 -0.1245 -0.4059 36 94.6832 97.9066 -0.0702 0.2854
37 5.3617 27.7415 -0.1084 -0.3889 37 94.6086 97.8767 -0.0726 0.2841
38 5.4451 27967 -0.0935 -0.3707 38 94.5252 97.8432 -0.0749 0.2826
39 5.5382 28.2162 -0.0797 -0.3515 39 94432 97.8058 -0.0771 0.2811
40 5.6421 28.4909 -0.067 -0.3313 40 943281 97.764 -0.0792 0.279%4
41 5.7577 28.7927 -0.0553 -0.3099 41 94.2124 97.7175 -0.0811 0.2775
42 5.8862 29.1234 -0.0445 -0.2874 42 94,0838 97.6658 -0.083  0.2755
43 6.0288 29.4851 -0.0344 -0.2638 43 939411 97.6082 -0.0848 0.2733
44 6.1871 29.8796 -0.025 -0.2391 44 93.7828 97.5444 -0.0866 0.2708
45 6.3624 303088 -0.0162 -0.2132 45 93.6074 97.4736 -0.0883 0.2682
46 6.5564 30.7748 -0.0079 -0.1862 46 93.4133 97.3951 -0.09 0.2652
47 6.7709 31.2795 0.0001 -0.1581 47 93.1987 97.3082 -0.0918 0.262
48 7.0079 31.825 0.008 -0.129 48 929616 97.212 -0.0936 0.2586
49 7.2697 324131 0.0158 -0.0992 49 92,6997 97.1056 -0.0955 0.2548
50 7.5585 33.0459 0.0237 -0.0687 50 924109 96.988 -0.0975 0.2507
51 7.8769 33.7253 0.032 -0.038 51 92.0923 96.858 —-0.0997 0.2463
52 8.2279 34.4531 0.0408 -0.0072 52 91.7413 96.7144 -0.1022 0.2416
53 8.6144 352311 0.0502 0.0233 53 91.3546 96.5559 -0.1049 0.2367
54 9.0399 36.0611 0.0603 0.0532 54 90.929 96.3808 -0.108 0.2315
55 9.5081 36.9447 0.0713 0.0822 55 90.4608 96.1876 -0.1116 0.2262
56 10.0229 37.8834 0.083 0.1101 56 89.946 959743 -0.1155 0.2206
57 10.5886 38.8787 0.0955 0.1366 57 89.3801 95.7391 -0.12 0.2149
58 11.21 39.9319 0.1086 0.1615 58 88.7586 954795 -0.1251 0.209
59 11.8922 41.0443 0.1221 0.1847 59 88.0763 95.1931 -0.1306 0.2031
60 12.6407 42.2168 0.1358 0.206 60  87.3278 94.8772 -0.1368 0.1971

Reflectance color shift range between normal incidence (AOI = 0 degrees) to AOL = 60 degrees
Low: 0.0007

High: 1.2574

Transmittance color shift range from normal incidence (AOI = 0) to AOI = 60

Low: 0.0001

High: 0.1915
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TABLE 11D

Two surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant F2 for Example 5.

Reflectance, DF2 Transmittance, DF2

AOI Y L* a* b* AOI Y L* a* b*

4.7462 25999 -0.2777 -1.0087
4.7461 259989 -0.277 -1.0084
4746 259985 -0.275 -1.0075
4.7458 259979 -0.2717 -1.0059
4.7455 259971 -0.2672 -1.0036
4.7452 259963 -0.2615 -1.0004
4.7449 259954 -0.2546 -0.9961

95.2355 98.1277 -0.0182 0.3798
95.2355 98.1277 -0.0183 0.3797
95.2356 98.1277 -0.0186 0.3796
05.2358 98.1278 -0.019  0.3794
95.2361 98.1279 -0.0197 0.3792
05.2364 98.128 -0.0205 0.3788
05.2367 98.1281 -0.0214 0.3783
4.7447 259947 -0.2467 -0.9906 05.2369 98.1282 -0.0225 0.3776
4.7445 259942 -0.238 -0.9835 95.2371 98.1283 -0.0237 0.3768
9 4.7445 259941 -0.2285 -0.9745 9 95.2371 98.1283 -0.025  0.3756
10 4.7447 259945 -0.2184 -0.9631 10 95.2369 98.1282 -0.0264 0.3742
11 4.7451 25.9958 -0.2081 -0.949 11 952365 98.1281 -0.0279 0.3725
12 4.7459 259982 -0.1977 -0.9315 12 95.2357 98.1277 -0.0293 0.3702
13 4.7471 26.0018 -0.1875 -0.9104 13 95.2344 98.1272 -0.0307 0.3675
14 4.7489 26.0071 -0.1777 -0.885 14 952326 98.1265 -0.0321 0.3643
15 47513 26.0142 -0.1686 -0.8551 15 95.2301 98.1255 -0.0334 0.3604
16 4.7545 26.0237 -0.1604 -0.8204 16 95.2269 98.1242 -0.0346 0.3559
17 47587 26.0359 -0.1533 -0.781 17 952228 98.1226 -0.0356 0.3508
18 47639 26.0511 -0.1474 -0.7373 18 95.2176 98.1205 -0.0364 0.3452
19 4.7703 26.0699 -0.1426 -0.6899 19 95.2111 98.1179 -0.0371 0.339
20 4,778  26.0928 -0.1389 -0.6399 20 95.2033 98.1148 -0.0377 0.3325
21 4.7874 26.1202 -0.1358 -0.5888 21 95.1939 98.1111 -0.0382 0.326
22 4.7985 26.1528 -0.1331 -0.5384 22 95.1828 98.1066 -0.0386 0.3195
23 4.8116 26.191 -0.1303 -0.4909 23 95.1697 98.1014 -0.0391 0.3135
24 4.8268 26.2356 -0.1268 -0.4483 24 95,1544 98.0953 -0.0396 0.3081
25 4.8445 26.287 -0.1221 -0.4126 25 95.1367 98.0882 -0.0403 0.3038
26 4.8648 26.3461 -0.1159 -0.3852 26 95.1164 98.0801 -0.0412 0.3006
27 4.8881 26.4135 -0.1079 -0.3671 27 95.0931 98.0707 -0.0424 0.2987
28 4.9146 2649  -0.0982 -0.3579 28 95.0665 98.0601 -0.0438 0.2981
29 4.9446 26.5764 -0.087 -0.3566 29 95.0364 98.0481 -0.0454 0.2986
30 4.9786 26.6737 -0.0751 -0.3608 30 95.0024 98.0345 -0.0472 0.3
31 5.0169 26.7828 -0.0634 -0.3673 31 94.9641 98.0192 -0.0489 0.3018
32 5.0599 26.9049 -0.0531 -0.3726 32 94921 98.0019 -0.0504 0.3034
33 5.1083 27.0411 -0.0453 -0.3727 33 94.8726 97.9825 -0.0516 0.3044
34 5.1625 27.1929 -0.0413 -0.3643 34 94.8183 97.9608 -0.0523 0.3042
35 5.2233 27.3616 -0.0417 -0.3452 35 94,7576 97.9364 -0.0523 0.3025
36 5.2912 27.5488 -0.0472 -0.3145 36 94.6896 97.9092 -0.0516 0.2991
37 5.3672 27.7562 -0.0576 -0.2729 37 94.6136 97.8787 -0.0502 0.2941
38 54519 27.9854 -0.0722 -0.2232 38 94.5287 97.8446 -0.0481 0.2878
39 5.5465 28.2381 -0.0899 -0.1692 39 94.4342 97.8067 -0.0455 0.2808
40 5.6517 28.5162 -0.1092 -0.1157 40 94.3280 97.7643 -0.0425 0.2737
41 5.7687 28.8214 -0.1283 -0.0678 41 94.2118 97.7173 -0.0395 0.2674
42 5.8986 29.1553 -0.1456 -0.0298 42 94,0818 97.665 -0.0367 0.2625
43 6.0426 29.5197 -0.1596 -0.0044 43 939378 97.6069 -0.0343 0.2594
44 6.2019 299162 -0.1696 0.0071 44 937785 97.5427 -0.0324 0.2585
45 6.378 30.3467 -0.175 0.0059 45 93.6024 97.4715 -0.0311 0.2596
46 6.5723 30.8128 -0.1762 -0.0052 46 93.408 97.3929 -0.0306 0.2625
47 6.7867 313163 -0.1736 -0.0222 47 93.1935 97.3061 -0.0305 0.2666
48 7.023 31.8593 -0.1682 -0.0404 48 92,9571 97.2102 -0.031 0.2711
49 7.2835 324437 -0.1612 -0.0552 49 92.6967 97.1044 -0.0318 0.2752
50 7.5704 33.0717 -0.1534 -0.0632 50 92,4097 96.9875 -0.0327 0.2782
51 7.8865 33.7454 -0.1456 -0.0622 51 92.0935 96.8585 -0.0336 0.2797
52 8.2348 34.4671 -0.1382 -0.0514 52 91.7452 96.7161 -0.0345 0.2793
53 8.6184 35.2389 -0.1315 -0.0316 53 91.3615 96.5587 -0.0353 0.277
54 9.0409 36.063 -0.1251 -0.0045 54 90.9380 96.3849 -0.0361 0.2731
55 9.5062 36.9412 -0.1189 0.0272 55 90.4736 96.1929 -0.0369 0.2678
56 10.0184 37.8753 -0.1123 0.0609 56 89.9614 959807 -0.0378 0.2616
57 10.5818 38.867 -0.105 0.094 57 89.3978 95.7464 -0.0389 0.255
58 11.2014 399175 -0.0964 0.1247 58 8R8.7782 95.4877 -0.0405 0.2484
59 11.8821 41.028 -0.0864 0.1514 59 8R.0975 95.202 -0.0425 0.2422
60 12,6294 42,1994 -0.0747 0.1734 60 87.3501 94.8866 -0.0452 0.2367

0N AW = O
0N AW = O

Reflectance color shift range between normal incidence (AOI = 0 degrees) to AOL = 60 degrees
Low: 0.0007

High: 1.1994

Transmittance color shift range from normal incidence (AOI = 0) to AOI = 60

Low: 0.0001

High: 0.1456
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Example 6

Example 6 included the same strengthened aluminosilicate
glass substrate as Example 5 and a coating a 12-layer optical

50

Example 6 exhibited a single side photopic average reflec-
tance (i.e., measured from the anti-reflective surface 122)
over the optical wavelength regime under D65 illumination at
incident illumination angles 0f0°,30°,45° and 60°,0£0.73%,

coating including a 2 micrometer scratch resistant layer, as 5 (0.80%, 1.47%, and 4.85%, respectively. Example 6 exhibited
show in Table 12. a single side photopic average transmittance (i.e., measured
through the anti-reflective surface 122) over the optical wave-
ength regime under illumination at incident illumina-
TABLE 12 length reg der D65 ill tion at incident ill
3 (e} O (e} O 0, 0,
Structure of Example 6. 0 tion angles of 0°, 30°, 45 gnd 60°, of 99.26%, 99.18%,
98.52%, and 95.13%, respectively.
Refractive  Physical Example 6 exhibited a total photopic average reflectance
Coating/  Periods, if Index (at Thickness . . .
; . (i.e., measured from the anti-reflective surface 122 and the
Layer applicable Material 550 nm) (nm) X X X
opposite major surface 114) over the optical wavelength
Am;’}ent - SA(I)I L4699 o146 |5 regime under D65 illumination at incident illumination
medium i0, . . 5 5 ° 5 o o o
Optical 1 AION, 197879 154.26 angles of 0°, 30 g 45° and 60 ,0f4.74.A>., 4.94%, 6.32%, agd
coating Si0, 1.46929 21.74 12.56%, respectively. Example 6 exhibited a total photopic
2 AlO,N,  1.97879 5185 average transmittance (i.e., measured through the anti-reflec-
Si0; 146929 14.03 tive surface 122 and the opposite major surface 114) over the
Scratch- AION, 197879 2000 . - e . el
Resistant 5o optical wavelength regime at incident illumination angles of
Layer 0°, 30°, 45° and 60°, of 95.24%, 95.04%, 93.67%, and
1 SI0,  1.46929 8.51 87.42%, respectively.
AION, 197879 43.16 . .
5 a0 146920 1882 The reflectance and transmitted color coordinates for a
Aloqu 1.97879 25.49 single surface (i.e., anti-reflective surface 122) and two sur-
3 SiO,  1.46929 49.24 55 faces (i.e., anti-reflective surface 122 and major surface 114,
AlelNy 1.97879 8.49 of FIG. 1) of Example 6, under incident illumination angles or
- - AS Glass 1.50542 AOI from 0 degrees to 60 degrees and illuminants D65 and F2
Total coating thickness 2497.06 are shown in Tables 13A-13D, in the same manner as
Example 5. The color shift is also calculated in the same
manner as Example 5.
TABLE 13A
One surface reflectance and transmitted color coordinates
(Y. L*, a* and b*) using illuminant D65 for Example 6.
Reflectance, D635 Transmittance, D65
AOL Y L* a* b* A0l Y L* a* b*
0 07252 6.5505 -1.1881 -1.8063 0 99.2597 99.7131 -0.0079 0.2173
1 07251 65499 -1.1857 -1.807 1 99.2598 99.7131 -0.008  0.2174
207249 6.5482 -1.1786 -1.8091 2 99.26  99.7132 -0.0083 0.2175
307246 6.5454 -1.1667 -1.8126 3 99.2603 99.7133 -0.0088 0.2177
4 07242 65415 -1.1503 -1.8175 4 99.2607 99.7134 -0.0095 0.2179
507237 65368 -1.1202 -1.8236 5 99.2612 99.7136 -0.0105 0.2182
6 07231 65313 -1.1038 -1.831 6 99.2618 99.7139 -0.0116 0.2186
707224 65252 -1.0741 -1.8393 7 99.2625 99.7141 -0.0129 0.219
8 07217 65187 -1.0403 -1.8487 & 99.2632 99.7144 -0.0144 0.2195
9 07209 6512 -1.0026 -1.8588 9  99.2639 99.7147 -0.016 0.2
10 07202 635055 -0.9613 -1.8694 10 99.2647 99.715 -0.0179 0.2206
11 07195 64993 -0.9166 -1.8804 11 99.2653 99.7152 -0.0198 0.2211
12 07189 6494 -0.8689 -1.8915 12 99.2659 99.7155 -0.0219 0.2217
13 07185 64898 -0.8186 -1.9023 13  99.2664 99.7156 -0.0241 0.2223
14 07182 64872 -0.766 -19126 14 99.2666 99.7157 -0.0264 0.2229
15 07181 64867 -0.7116 -1.922 15 99.2667 99.7158 -0.0288 0.2234
16 07183 6.4887 -0.6558 -1.93 16 99.2664 99.7157 -0.0313 0.2239
17 07189 64939 -0.5991 -1.9363 17 99.2658 99.7154 -0.0338 0.2243
18 07199 635028 -0.542 -1.9404 18 99.2648 99.715 -0.0363 0.2247
19 07214 65162 -0.4851 -1.9418 19 99.2633 99.7145 -0.0389 0.2249
20 07234 6.5348 -0429 -1.94 20 99.2613 99.7136 -0.0413 0.225
21 07262 6.5593 -0.3741 -1.9346 21  99.2585 99.7126 -0.0438 0.225
2207296 6.5907 -0.321 -1.9251 22 99.255 99.7112 -0.0462 0.2248
23 0734 663  -0.2702 -1.9109 23 99.2506 99.7095 -0.0484 0.2244
24 07393 6.6782 -0.2223 -1.8917 24  99.2453 99.7074 -0.0506 0.2238
25 07458 67363 -0.1777 -1.8669 25 99.2388 99.7049 -0.0526 0.2229
26 07534  6.8058 -0.1368 -1.8362 26 99.2311 99.7019 -0.0544 0.2218
27 07625 6.8879 -0.1001 -1.7991 27 99.222 99.6984 -0.0561 0.2205
28 07732 69842 -0.0679 -1.7553 28 99.2113 99.6942 -0.0576 0.2188
29 07856 7.0962 -0.0403 -1.7038 29 99.1989 99.6894 -0.0589 0.2169
30 07999 7.2258 -0.0178 -1.6435 30 99.1845 99.6838 -0.06  0.2146
31 08164 7.3749 -0.0005 -1.5735 31 99.168 99.6774 -0.0608 0.212
32 0.8354 7.5457 00115 -1.4926 32 99.149 99.67  -0.0614 0.2091
33 0.8569 77406 0.018 -1.3996 33 99.1274 99.6616 -0.0618 0.2058
34 0.8815 7.9621 0.0189 -1.2929 34 99.1029 99.6521 -0.062  0.2021
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TABLE 13A-continued

One surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant D65 for Example 6.

Reflectance, D65 Transmittance, D65

AOI Y L* a* b* AOI Y L* a* b*

35 09093 82114 0.014 -1.1738 35 99.075 99.6412 -0.0619 0.198

36 09407 84872 0.0038 -1.0477 36 99.0436 99.629 -0.0616 0.1936
37 09761 8791 -0.0111 -0.9156 37 99.0081 99.6152 -0.061  0.1887
38 1016 9.1241 -0.0303 -0.7785 38 98,9682 99.5997 -0.0602 0.1834
39 1.0608  9.4881 -0.0532 -0.6376 39 98.9234 99,5822 -0.0592 0.1777
40  1.1111  9.8844 -0.079 -0.4943 40 98.8731 99.5626 -0.0579 0.1717
41 1.1673 10.3142 -0.107 -0.3501 41 98.8168 99.5407 -0.0565 0.1652
42 1.2303 10.7788 -0.1365 -0.2065 42 98.7538 99.5161 -0.0548 0.1583
43 1.3006 11.2795 -0.1664 -0.065 43 98.6835 99.4887 -0.053  0.1511
44 1.379 11.8175 -0.1961 0.0727 44 98.605 99.4581 -0.0511 0.1436
45 14665 12.3937 -0.2245 0.2053 45 98.5175 99.4239 -0.049  0.1357
46 1.564 13.0093 -0.251 0.3316 46 9842 99.3858 -0.0468 0.1276
47  1.6725 13.6652 -0.2748 0.4505 47 983114 99.3434 -0.0447 0.1192
48  1.7932 143625 -0.2952 0.5612 48 98,1907 99.2961 -0.0425 0.1105
49 1.9275 15.1021 -0.3117 0.663 49  98.0564 99.2436 -0.0404 0.1016
50 20767 15.8849 -0.324 0.7555 50 97.9072 99.1851 -0.0384 0.0925
51 22425 16.7118 -0.3317 0.8384 51 97.7414 99.12  -0.0366 0.0832
52 24267 17.5838 -0.3348 0.9118 52 97.5572 99.0476 -0.035 0.0737
53 2.6312 185019 -0.3334 0.9756 53 97.3527 98.9672 -0.0336 0.064

54 2.8583 19.4671 -0.3276 1.0302 54 97.1256 98.8777 -0.0325 0.0541
55 3.1103 20.4803 -0.3178 1.0758 55 96.8736 98.7783 -0.0317 0.0441
56 339 21.5427 -0.3043 1.1128 56 96.5939 98.6677 -0.0313 0.0339
57  3.7004 22.6553 -0.2875 1.1416 57 96.2835 98.5448 -0.0313 0.0235
58  4.0449 23.8193 -0.268 1.1627 58 95939 98408 -0.0316 0.0131
59 44271 25.0359 -0.2462 1.1766 59 955569 98.2559 -0.0324 0.0024
60  4.8511 26.3063 -0.2227 1.1837 60 95.1328 98.0866 -0.0336 0.0083

Reflectance color shift range between normal incidence (AOI = 0 degrees) to AOL =42 degrees
Low: 0.0007

High: 1.1994

Reflectance color shift range between normal incidence (AOI = 0 degrees) and AOI = 43-60 degrees
Low: 2.0189

High: 3.1420

Transmittance color shift range from normal incidence (AOI = 0) to AOI = 60

Low: 0.0001

High: 0.2271

TABLE 13B
One surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant F2 for Example 6.
Reflectance, F2 Transmittance, F2
AOI Y L* a* b* AOI Y L* a* b*

0 07101 64142 -0.7229 -1.0759 0 99.2803 99.721 -0.0074 0.2018
1 0.7101 6.4142 -0.7216 -1.0776 1 99.2803 99.721 -0.0075 0.2019
2 07101 6414 -0.7176 -1.0828 2 99.2803 99.721 -0.0077 0.2021
3 07101 64139 -0.7111 -1.0916 3 99.2803 99.721 -0.008  0.2025
4 071 6.4137 -0.702 -1.1041 4 99.2803 99.7211 -0.0084 0.2031
5 071 6.4136 -0.6902 -1.1207 5 99.2803 99.7211 -0.0089 0.2039
6 071 6.4138 -0.6757 -1.1414 6 99.2803 99.721 -0.0095 0.2048
7 07101 64144 -0.6587 -1.1666 7 99.2802 99.721 -0.0103 0.206
8 07102 6.4154 -0.6389 -1.1967 8 99.2801 99.721 -0.0111 0.2073
9 07104 64172 -0.6165 -1.2317 9 99.2799 99.7209 -0.0121 0.2089

10 0.7107 6.4199 -0.5914 -1.272 10 99.2796 99.7208 -0.0132 0.2108
11 0.7111 6.4236 -0.5637 -1.3176 11  99.2792 99.7206 -0.0144 0.2128
12 0.7117 6.4287 -0.5335 -1.3683 12 99.2786 99.7204 -0.0158 0.2152
13 0.7124 6.4354 -0.5008 -1.4239 13 99.2779 99.7201 -0.0172 0.2177
14 0.7134 6.4438 -0466 -1.4836 14 99.2769 99.7197 -0.0187 0.2204
15 0.7145 64544 -0.4291 -1.5465 15 99.2757 99.7193 -0.0204 0.2232
16 0.716 6.4673 -0.3908 -1.6112 16 99.2743 99.7187 -0.0221 0.2262
17 07177 6.4829 -0.3513 -1.676 17 99.2726 99.718 -0.0238 0.2292
18 0.7198 6.5016 -0.3112 -1.7386 18 99.2705 99.7172 -0.0256 0.232

19 0.7222  6.5238 -0.2713 -1.7967 19 99.268 99.7163 -0.0273 0.2347
20 0.7251 6.5501 -0.2323 -1.8477 20 99.2651 99.7151 -0.029  0.2371
21 0.7286  6.581 -0.1949 -1.889 21 99.2617 99.7138 -0.0307 0.2391
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TABLE 13B-continued

One surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant F2 for Example 6.

Reflectance, F2 Transmittance, F2

AOI Y L* a* b* AOI Y L* a* b*

22 07326 6.6174 -0.16 -1.918 22 99.2576 99.7122 -0.0323 0.2406
23 07373 6.6601 -0.1284 -1.9329 23  99.2529 99.7104 -0.0337 0.2414
24 0.7429  6.7103 -0.1008 -1.9321 24 99.2473 99.7082 -0.0349 0.2417
25 07494 67693 -0.0778 -1.9154 25 99.2408 99.7057 -0.036  0.2412
26 0.7571  6.8387 -0.0598 -1.883 26 99.2331 99.7027 -0.0368 0.2401
27 07661 69201 -0.047 -1.8367 27 99.224 99.6992 -0.0374 0.2383
28 0.7767  7.0156 -0.0397 -1.7786 28 99.2134 99.6951 -0.0378 0.2361
29 0.789 7.1274 -0.0376 -1.7112 29 99.201 99.6902 -0.038  0.2335
30  0.8035 7.2578 -0.0409 -1.6375 30 99.1866 99.6846 -0.0379 0.2307
31 0.8203  7.4094 -0.0493 -1.5601 31 99.1698 99.6781 -0.0376 0.2279
32 0.8397  7.5847 -0.0628 -1.4804 32 99.1504 99.6705 -0.0371 0.2251
33 0.862 7.7865 -0.0814 -1.3984 33 99.128 99.6618 -0.0364 0.2223
34 0.8876 8.0175 -0.1055 -1.3122 34 99.1024 99.6519 -0.0354 0.2197
35 09167 8277 -0.132 -1.2238 35 99.0733 99.6406 -0.0342 0.2172
36 09496 8564 -0.1627 -1.1341 36 99.0404 99.6278 -0.0328 0.2145
37 09866 88793 -0.1972 -1.0402 37 99.0033 99.6133 -0.0311 0.2116
38 1.0281  9.2231 -0.2346 -0.9392 38 989619 99.5972 -0.0291 0.2083
39 1.0743  9.5959 -0.2741 -0.8287 39 989156 99.5792 -0.0269 0.2043
40 1.1258 9998 -0.3141 -0.7076 40 98.8641 99.5591 -0.0246 0.1996
41 1.1828 10.4299 -0.3529 -0.5766 41 98.8071 99.5369 -0.0221 0.1942
42 1.246  10.8925 -0.3887 -0.4377 42 98.7438 99.5122 -0.0196 0.1879
43 1316 11.3867 -0.4195 -0.2946 43 98.6739 99.4849 -0.0172 0.181

44 1.3934 119138 -0.4437 -0.1519 44 98.5964 994547 -0.0149 0.1735
45 14793 12.4757 -0.4603 -0.014 45 98.5105 99.4212 -0.0129 0.1658
46 1.5745 13.0742 -0.469 0.1151 46 984153 99.384 -0.0113 0.158

47  1.6803 13.7114 -047 0.2325 47 983094 99.3426 -0.01 0.1503
48  1.798 143895 -0.4646 03374 48 98.1917 99.2965 -0.0089 0.1427
49 1.9291 15.1106 -0.4545 0.4304 49 98.0607 99.2452 -0.0082 0.1352
50 20752 15.8768 -0.4419 0.5135 50 97.9146 99.188 -0.0075 0.1277
51 2238 16.6898 -0.4288 0.5895 51 97.7517 99.1241 -0.0069 0.1199
52 24196 17.5511 -0.4171 0.6614 52 97.5701 99.0527 -0.0061 0.1116
53 2622 184618 -0.4078 0.7317 53 97.3677 98.9731 -0.005 0.1026
54 28476 19.4228 -0.4015 0.8015 54 97.1421 98.8843 -0.0035 0.0926
55 3.0986 20.4347 -0.398 0.871 55 96.8911 98.7852 -0.0017 0.0816
56 33779 21.4979 -0.3962 0.9380 56 96.6118 98.6748 0.0005 0.0694
57 3.6883 22.613 -0.3949 1.0028 57 96.3014 98.5519 0.003  0.0564
58 4033 237801 -0.3923 1.06 58 959568 98.4151 0.0055 0.0427
59 44155 25 -0.3869 1.1077 59 955743 98.2628 0.0078 0.0286
60  4.8397 26.2731 -0.3773 1.1433 60 95.1501 98.0935 0.0098 0.0147

Reflectance color shift range between normal incidence (AOI = 0 degrees) to AOL = 55 degrees
Low: 0.0021

High: 1.9738

Reflectance color shift range between normal incidence (AOI = 0 degrees) and AOI = 56-60 degrees
Low: 2.0412

High: 2.2459
Transmittance color shift range from normal incidence (AOI = 0) to AOI = 60
Low: 0.0001
High: 0.1879
TABLE 13C
Two surface reflectance and transmitted color coordinates
(Y. L*, a* and b*) using illuminant D65 for Example 6.
Reflectance, D65 Transmittance, D65
AOI Y L* a* b* AOI Y L* a* b*

47393 25.9789 -0.4402 -0.9295
4.7393 25.9787 -0.4395 -0.9297
47391 25.9782 -0.4374 -0.9303
4.7388 25.9774 -0.4338 -0.9314
4.7385 25.9763 -0.4289 -0.9328
4738 25975 -0.4226 -0.9347
47376 259736 -0.4149 -0.9368
47371 259722 -0.406 -0.9393
4.7367 25971 -0.3958 -0.942

05.2449 98.1314 -0.0038 0.2771
95.245 98.1315 -0.0039 0.2771
05.2452 98.1315 -0.0042 0.2772
05.2454 98.1316 -0.0047 0.2774
05.2458 98.1318 -0.0054 0.2776
05.2462 98.132 -0.0062 0.2779
95.2467 98.1321 -0.0073 0.2783
05.2472 98.1323 -0.0085 0.2787
05.2476 98.1325 -0.0099 0.2791

W~y AW = O
W~y AW = O
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TABLE 13C-continued

Two surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant D65 for Example 6.

Reflectance, D65 Transmittance, D65

AOI Y L* a* b* AOI Y L* a* b*

9 47363 2597 -0.3845 -0.945 9  95.2479 98.1326 -0.0115 0.2796
10 47361 259694 -0.372 -0.948 10 95.2481 98.1327 -0.0132 0.2801
11 47362 259695 -0.3585 -0.9512 11 95.248 98.1327 -0.0151 0.2807
12 47365 259704 -0.3441 -0.9543 12 95.2477 98.1325 -0.0171 0.2812
13 47372 259725 -0.3289 -0.9572 13 95.247 98.1323 -0.0192 0.2818
14 4.7383 259759 -0.313 -0.96 14 952458 98.1318 -0.0214 0.2823
15 4.7401 25981 -0.2965 -0.9623 15 95.2441 98.1311 -0.0237 0.2829
16 4.7425 259881 -0.2795 -0.9641 16 95.2417 98.1301 -0.026  0.2833
17 4.7457 259975 -0.2623 -0.9653 17 95.2384 98.1288 -0.0284 0.2837
18 47498 26.0098 -0.245 -0.9657 18 95.2343 98.1272 -0.0308 0.2841
19 4,755 26.0252 -0.2277 -0.9651 19 95229 98.1251 -0.0332 0.2843
20 47615 26.0443 -0.2106 -0.9634 20 95.2225 98.1225 -0.0355 0.2844
21 47694 26.0675 -0.1939 -0.9604 21 95.2146 98.1193 -0.0379 0.2843
22 4,779  26.0956 -0.1778 -0.9559 22 95205 98.1155 -0.0401 0.2841
23 4.7903 26.1289 -0.1624 -0.9497 23 95.1936 98.1109 -0.0423 0.2837
24 4.8038 26.1683 -0.1478 -0.9418 24 95.1802 98.1056 -0.0443 0.2831
25 4.8195 26.2143 -0.1342 -0.9319 25 95.1644 98.0993 -0.0462 0.2823
26 4.8379 26.2679 -0.1218 -0.92 26 95146 98.0919 -0.048  0.2812
27 4.8592 26.3297 -0.1107 -0.9058 27 95.1247 98.0834 -0.0496 0.2799
28 4.8836 264006 -0.1008 -0.8893 28 95,1002 98.0736 -0.051  0.2783
29 4.9117 264817 -0.0924 -0.8703 29 95.0721 98.0624 -0.0523 0.2764
30 4.9437 26.5739 -0.0855 -0.8489 30 95.04 98.0495 -0.0533 0.2742
31 4.9802 26.6782 -0.08  -0.8248 31 95.0036 98.0349 -0.0542 0.2717
32 5.0215 26.7959 -0.0761 -0.798 32 949622 98.0184 -0.0548 0.2689
33 5.0682 26,9282 -0.0736 -0.7686 33 94.9155 97.9997 -0.0552 0.2657
34 5.1208 27.0763 -0.0726 -0.7364 34 94.8628 97.9786 -0.0554 0.2622
35 5.18 27.2417 -0.0731 -0.7015 35 94.8035 97.9549 -0.0555 0.2583
36 5.2465 27.4257 -0.0749 -0.6641 36 94.7371 97.9282 -0.0553 0.2541
37 5.3208 27.6299 -0.0779 -0.6241 37 94.6627 97.8984 -0.0549 0.2495
38 5404 27.856 -0.082 -0.5817 38 94.5795 97.865 -0.0544 0.2446
39 5.4967 28.1055 -0.0872 -0.5372 39 944867 97.8278 -0.0536 0.2393
40 5.6001 28.3803 -0.0931 -0.4909 40 94.3833 97.7862 -0.0528 0.2338
41 5.7151 28.682 -0.0996 -0.443 41 94.2682 97.74  -0.0518 0.2279
42 5.8429 29.0127 -0.1065 -0.394 42 94.1404 97.6885 -0.0507 0.2217
43 5.9848 29.3741 -0.1134 -0.3441 43 93,9984 97.6314 -0.0495 0.2153
44 6.1421 29.7683 -0.1202 -0.294 44 93.8411 97.5679 -0.0484 0.2087
45 6.3164 30.1971 -0.1264 -0.2439 45 93.6667 97.4975 -0.0472 0.2019
46 6.5093 30.6627 -0.1318 -0.1944 46 93.4738 97.4196 -0.0461 0.195
47 6.7226 31.1669 -0.1361 -0.1458 47 93.2605 97.3332 -0.0451 0.188
48 6.9583 31.7118 -0.139 -0.0987 48 93.0247 97.2376 -0.0443 0.181
49 7.2186 32.2994 -0.1403 -0.0532 49 92.7644 97.1319 -0.0438 0.1739
50 7.5058 32,9316 -0.1398 -0.0099 50 924772 97.015 -0.0435 0.1668
51 7.8225 33.6104 -0.1372 0.0311 51 92,1604 96.8858 -0.0435 0.1598
52 8.1715 343376 -0.1327 0.0694 52 91.8113 96.7431 -0.044  0.1529
53 8.556 35.115 -0.126 0.1049 53 91.4268 96.5855 -0.0448 0.146
54 8.9793 359445 -0.1174 0.1374 54 91.0034 96.4114 -0.0462 0.1393
55 9.4451 36.8276 -0.1069 0.1667 55 90.5376 96.2193 -0.048  0.1328
56 9.9574 37.7659 -0.0948 0.1928 56 90.0252 96.0072 -0.0503 0.1265
57 10.5205 38.7609 -0.0812 0.2157 57 89.4621 95.7732 -0.0532 0.1204
58 11.1392 39.8139 -0.0664 0.2354 58 88.8433 955149 -0.0566 0.1145
59 11.8185 40.9263 -0.0508 0.2518 59 88.1639 95.2299 -0.0605 0.1089
60 12,5641 42.099 -0.0347 0.2652 60 87.4183 94.9155 -0.0649 0.1037

Reflectance color shift range between normal incidence (AOI = 0 degrees) to AOL = 60 degrees
Low: 0.0007

High: 1.2616

Transmittance color shift range from normal incidence (AOI = 0) to AOI = 60

Low: 0.0001

High: 0.1838

TABLE 13D

Two surface reflectance and transmitted color coordinates
(Y. L* a* and b*) using illuminant F2 for Example 6.

Reflectance, F2 Transmittance, F2

AOI Y L* a* b* AOI Y L* a* b*

0 4717 259128 -0.2697 -0.7766 0 952729 98.1426 -0.005 0.2726
1 4,717 259128 -0.2693 -0.7771 1 95273 98.1426 -0.005 0.2726
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TABLE 13D-continued

Two surface reflectance and transmitted color coordinates
(Y, L*, a* and b*) using illuminant F2 for Example 6.

Reflectance, F2 Transmittance, F2

AOI Y L* a* b* AOI Y L* a* b*

2 4,717 259128 -0.2682 -0.7786 2 95.273 98.1426 -0.0052 0.2729
3 4,717 259128 -0.2662 -0.7812 3 95.273 98.1426 -0.0055 0.2733
4 4,717 259128 -0.2634 -0.7849 4 95273 98.1426 -0.0058 0.2738
5 4,717 259129 -0.2599 -0.7897 5 95.2729 98.1426 -0.0063 0.2745
6 47172 259132 -0.2555 -0.7958 6 952728 98.1426 -0.0069 0.2754
7 47174 259139 -0.2503 -0.8031 7 95.2726 98.1425 -0.0076 0.2765
8 47177 259149 -0.2444 -0.8119 8 952722 98.1423 -0.0085 0.2778
9 47182 259164 -0.2376 -0.8221 9  95.2717 98.1421 -0.0094 0.2793

10 4719 259186 -0.23 -0.8338 10 95.271 98.1418 -0.0104 0.2811

11 4.72 25.9217 -0.2216 -0.847 11 952699 98.1414 -0.0116 0.283

12 4.7214 259258 -0.2124 -0.8617 12 95.2685 98.1409 -0.0129 0.2852

13 4.7232 259311 -0.2025 -0.8777 13 95.2667 98.1401 -0.0142 0.2876

14 4.7255 259379 -0.192 -0.8948 14 95.2644 98.1392 -0.0157 0.2902

15 4.7283 259463 -0.1808 -0.9127 15 95.2616 98.1381 -0.0172 0.2929

16 4.7318 259567 -0.1691 -0.9311 16 95.258 98.1367 -0.0188 0.2957

17 47361 259693 -0.1571 -0.9492 17 95.2538 98.135 -0.0204 0.2985

18 4.7412 259845 -0.145 -0.9666 18 95.2486 98.1329 -0.0221 0.3012

19 4.7474 26.0025 -0.1329 -0.9825 19 95.2425 98.1305 -0.0238 0.3037

20 4.7546 26.0239 -0.1211 -0.996 20 95.2352 98.1275 -0.0254 0.306

21 47632 26.0491 -0.1097 -1.0064 21 95.2266 98.1241 -0.027  0.3079

22 47732 26.0786 -0.0992 -1.0129 22 95.2166 98.1201 -0.0285 0.3092

23 47849 26.113 -0.0896 -1.015 23 95.2048 98.1154 -0.0298 0.31

24 47986 26.153 -0.0813 -1.0123 24 95.1912 98.11 -0.031  0.3102

25 4.8144 26.1993 -0.0743 -1.0045 25 95.1753 98.1036 -0.032  0.3097

26 4.8327 26.2528 -0.0688 -0.9919 26 95.157 98.0963 -0.0328 0.3086

27 4.8539 26.3144 -0.0649 -0.9749 27 95.1358 98.0878 -0.0334 0.307

28 4.8783 26.3852 -0.0625 -0.9542 28 95.1114 98.0781 -0.0338 0.3048

29 4.9063 264662 -0.0617 -0.9306 29 95.0833 98.0669 -0.0339 0.3024

30 4.9384 26.5586 -0.0623 -0.9053 30 95.0512 98.054 -0.0339 0.2997

31 4.9751 26.6637 -0.0644 -0.879 31 95.0145 98.0393 -0.0337 0.297

32 5.0169 26.7827 -0.0678 -0.8525 32 94,9727 98.0226 -0.0332 0.2943

33 5.0642 26917 -0.0725 -0.8262 33 94,9253 98.0036 -0.0326 0.2917

34 5.1178 27.0677 -0.0785 -0.8001 34 94.8718 97.9822 -0.0318 0.2892

35 5.1781 27.2362 -0.0858 -0.7738 35 94.8114 97.958 -0.0307 0.2867

36 5.2458 27.4238 -0.0943 -0.7466 36 94.7437 97.9309 -0.0295 0.2842

37 5.3215 27.6318 -0.104 -0.7174 37 94.668 97.9005 -0.0281 0.2814

38 5406 27.8614 -0.1147 -0.6852 38 94.5835 97.8666 -0.0264 0.2782

39 5.5 28.1141 -0.1262 -0.6492 39 944895 97.8289 -0.0246 0.2745

40 5.6043 28.3912 -0.1379 -0.609 40  94.3851 97.787 -0.0227 0.2701

41 5.7198 28.6943 -0.1494 -0.5645 41 94.2695 97.7405 -0.0208 0.265

42 5.8477 29.025 -0.1601 -0.5163 42 94,1416 97.689 -0.0189 0.2593

43 5.9892 29.3852 -0.1692 -0.4654 43 94,0001 97.632 -0.0172 0.2531

44 6.1455 29.7767 -0.1762 -0.4132 44 93.8438 97.569 -0.0157 0.2466

45 6.3183 30.2017 -0.1807 -0.3611 45 93.671 97.4993 -0.0146 0.2399

46 6.5092 30.6624 -0.1825 -0.3104 46 93.48 974221 -0.0138 0.2333

47 6.7202 31.1612 -0.1815 -0.2619 47 93.269 97.3367 -0.0135 0.2268

48 6.9533 31.7004 -0.1782 -0.2162 48 93.0359 97.2421 -0.0135 0.2205

49 7.211  32.2825 -0.173 -0.1729 49 92,7781 97.1375 -0.0138 0.2145

50 7.4957 329098 -0.1667 -0.1317 50 92,4934 97.0216 -0.0143 0.2085

51 7.8103 33.5846 -0.1598 -0.0917 51 92.1788 96.8934 -0.0149 0.2024

52 8.1575 343088 -0.153 -0.0522 52 91.8315 96.7514 -0.0155 0.1961

53 8.5407 35.0845 -0.1466 -0.0127 53 91.4483 96.5943 -0.0161 0.1894

54 8.9632 359134 -0.1408 0.0269 54 91.0258 96.4207 -0.0165 0.1821

55 9.4287 36.7969 -0.1354 0.0662 55 90.5603 96.2287 -0.0169 0.1744

56 9.941 37.7364 -0.1301 0.1044 56 90.0479 96.0166 -0.0172 0.1663

57 10.5046 38.7332 -0.1243 0.1404 57 89.4843 95.7825 -0.0177 0.1581

58 11.1238 39.7882 -0.1175 0.1729 58 8R8.865 95.524 -0.0184 0.1499

59 11.8037 40.9025 -0.1092 0.2009 59 88.1851 95.2388 -0.0197 0.1422

60  12.5498 42.0769 -0.099 0.2235 60 87.439 949242 -0.0215 0.1353

Reflectance color shift range between normal incidence (AOI = 0 degrees) to AOL = 60 degrees
Low: 0.0006

High: 1.0146

Transmittance color shift range from normal incidence (AOI = 0) to AOI = 60

Low: 0

High: 0.1383
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Example 7

Example 7 included the same strengthened aluminosilicate
glass substrate as Example 5 and a coating a 12-layer optical
coating including a 2 micrometer scratch resistant layer, as
show in Table 14.

TABLE 14

Structure of Example 7.

Refractive Physical
Coating/  Periods, if Index (at Thickness
Layer applicable Material 550 nm) (nm)
Ambient — Air
medium
Optical 1 Si0, 1.48623 86.6
coating Si,ALON, 2.03056 145.8
2 SiO, 1.48623 19.2
Si,ALON, 2.03056 48.0
Si0, 1.48623 11.7
Scratch- Si,ALON, 2.03056 2000.0
Resistant
Layer
1 Si0, 1.48623 10.2
Si,ALON, 2.03056 42.0
2 SiO, 1.48623 32.7
Si,ALON, 2.03056 23.6
3 Si0, 1.48623 55.0
Si, ALON, 2.03056 7.4
— AS Glass 1.511
Total coating thickness 2482.16

Modeled Examples 8-11

Modeled Examples 8-11 used modeling to demonstrate the
reflectance spectra of articles that included embodiments of a
durable and scratch-resistant optical coating, as described
herein. In Modeled Examples 8-11 the optical coating
included AIO,N, and Si0, layers, and a strengthened alumi-
nosilicate glass substrate having a nominal composition of
about 58 mol % Si0,, 17 mol % Al,0,, 17 mol % Na,O, 3 mol
% MgO, 0.1 mol % SnO, and 6.5 mol % P,Os, as shown in
Tables 15-19. Refractive index dispersion curves for coating
materials and substrate used for Modeled Examples 8-11
were obtained in a similar manner as Modeled Examples 2-5.

TABLE 15

Structure of Modeled Example 8.

Refractive Physical
Coating/  Periods, if Index (at Thickness
Layer applicable Material 550 nm) (nm)
Ambient — Air 1
medium
Optical 1 AlO,N, 2.00605 32
coating Sio, 1.48114 12
Scratch- AIO,N, 2.00605 2000
Resistant
Layer
1 Si0, 1.48114 8.78
AIO,N, 2.00605 44.19
2 SiO, 1.48114 32.41
AIO,N, 2.00605 24.3
3 Si0, 1.48114 58.55
AIO,N, 2.00605 7.47
— AS Glass 1.50542
Total coating thickness (nm) 2219.7
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TABLE 16

Structure of Modeled Example 9.

Refractive Physical
Coating/ Periods, if Index (at Thickness
Layer  applicable Material 550 nm) (nm)
Ambient — Air 1
medium
Optical 1 AlIO,N, 2.00605 25
coating SiO, 1.48114 25
Scratch- AlIO,N, 2.00605 2000
Resistant
Layer
1 SiO, 1.48114 8.78
AlIO,N, 2.00605 44.19
2 SiO, 1.48114 32.41
AlIO,N, 2.00605 24.3
3 SiO, 1.48114 58.55
AlIO,N, 2.00605 7.47
— — AS Glass 1.50542
Total coating thickness (nm) 2225.7
TABLE 17
Structure of Modeled Example 10.
Refractive Physical
Coating/ Periods, if Index (at Thickness
Layer  applicable Material 550 nm) (nm)
Ambient — Air 1
medium
Optical SiO, 1.48114 2
coating 1 AlIO,N, 2.00605 25
SiO, 1.48114 25
Scratch- AlIO,N, 2.00605 2000
Resistant
Layer
1 SiO, 1.48114 8.78
AION, 2.00605 44.19
2 SiO, 1.48114 32.41
AlIO,N, 2.00605 24.3
3 SiO, 1.48114 58.55
AlIO,N, 2.00605 7.47
— — AS Glass 1.50542
Total coating thickness (nm) 2227.7
TABLE 18
Structure of Modeled Example 11.
Periods, Refractive Physical
Coating/ if Index (at Thickness
Layer  applicable Material 550 nm) (nm)
Ambient — Air 1
medium
Optical SiO, 1.48114 100
coating 1 AION, 2.00605 34
SiO, 1.48114 15
Scratch- AlIO,N, 2.00605 2000
Resistant
Layer
1 SiO, 1.48114 8.78
AlIO,N, 2.00605 44.19
2 Sio, 1.48114 32.41
AlIO,N, 2.00605 24.3
3 SiO, 1.48114 58.55
AlIO,N, 2.00605 7.47
— — AS Glass 1.50542
Total coating thickness (nm) 2324.7
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FIGS. 13-14 show the calculated reflectance spectra and
the calculated reflected color, respectively, for only the anti-
reflective surface of Modeled Example 8. FIGS. 15-16 show
the calculated reflectance spectra and the calculated reflected
color, respectively, for only the anti-reflective surface of
Modeled Example 9. FIGS. 17-18 show the calculated reflec-
tance spectra and the calculated reflected color, respectively,
for only the anti-reflective surface of Modeled Example 10.

The optical performance of Modeled Examples 8-11 is
summarized in Table 22.

TABLE 22
Optical performance of Modeled Examples 8-11.
Maximum Thickness
Anti- angular Amount of
reflective color shift, of low-  top-most Amount
surface viewing index (user of high-
reflectance, angles 0-60  material side) index
photopic degrees, onair-side low index material
average D65 or of thickest (e.g. in top
(%) F2, sample high- Si0,) 500 nm
Modeled (single referenced  index hard layer of coated
Example side) toitself  layer (nm) (nm) article (%)
8 7.85 1.1 12 0 97.6
9 49 2.7 25 0 95.0
10 49 3.0 27 2 94.6
11 1.3 2.2 115 100 77.0

As shown in FIGS. 13, 15, 17, and 19, Modeled Examples
8-11 exhibit low reflectance (i.e., values less than about 10%
and less than about 8%), for viewing angles of 8°, 20°, and
40°, with the reflectance for a viewing angle of 60° being
slightly higher, over the optical wavelength regime. Modeled
Example 11 exhibited very low reflectance for viewing angles
of'8°, 20°, 40° and 60° (e.g., a maximum average reflectance
of'about 7% orless). At viewing angles of 8°, 20°, and 40°, the
average reflectance is even lower (i.e., less than about 2%).

As shown in FIGS. 14 and 20, Modeled Examples 8 and 11
exhibited a reflected color, at viewing angles from normal
incidence to 60°, of less than about 2 for both D65 and F2
illuminants. As shown in FIGS. 16 and 18, Modeled Example
9 and 10 exhibited a range of reflected color, at viewing angles
from normal incidence to 60°, of less than about 3 for both
D65 and F2 illuminants.

It is believed that Examples 8-11 also exhibit the hardness
values described herein, as measured by the Berkovich
Indenter Hardness Test (and, in particular, a hardness in the
range from about 14 GPa to about 21 GPa).

The optical performance of Modeled Examples 8-11 was
compared to Modeled Comparative Example 4. The optical
performance evaluated includes average reflectance over the
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from about 0 degrees to about 60 degrees from normal inci-
dence under FO2 and D65 illuminants. Modeled Comparative
Example 4 exhibited a lower average reflectance, but also
exhibited a significantly greater color shift along viewing
angles from O degrees to 60 degrees.

Example 12

Example 12 included a 16-layer optical coating as shown in
Table 23, including layers sequentially disposed on top of one
another, and disposed on a strengthened aluminosilicate glass
substrate having a nominal composition of about 65 mol %
Si0,, 5 mol % B,0;, 14 mol % Al,O;, 14 mol % Na,O, and
2.5 mol % MgO.

TABLE 23

Structure of Example 12.

Refractive Physical
Layer Material Index Thickness (nm)
Medium Air 1
16 Si0, 1.4952 92.4
15 Si, ALO,N,, 2.08734 150.1
14 Si0, 1.4952 10.1
13 Si, ALO,N,, 2.08734 96.9
12 SiO, 1.4952 18.9
11 Si, ALO,N,, 2.08734 41.9
10 Si0, 1.4952 40.1
9 Si, ALO,N,, 2.08734 37.6
8 SiO, 1.4952 17.4
7 Si, ALO,N,, 2.08734 2000.0
6 Si0, 1.4952 8.7
5 Si, ALO,N,, 2.08734 41.0
4 SiO, 1.4952 29.9
3 Si, ALO,N,, 2.08734 233
2 Si0, 1.4952 53.6
1 Si, ALO,N,, 2.08734 7.2
Substrate Glass 1.50996
Total 2661.9
Thickness

Both SiO, and Si,Al,O,N, layers were made by reactive
sputtering in an AJA-Industries Sputter Deposition Tool.
Si0, was deposited by DC reactive sputtering from an Si
target with ion assist; Si, Al,O,N, material was deposited by
DC reactive sputtering combined with RF superimposed DC
sputtering with ion assist. The targets were 3" diameter Sili-
con and 3" diameter Al. The reactive gasses were nitrogen and
oxygen, and the “working” (or inert) gas was Argon. The
power supplied to the Silicon was radio frequency (RF) at
13.56 Mhz. The power supplied to the Aluminum was DC.

The sputtering process conditions used to form the optical
coating of Example 12 are shown in Table 23.

TABLE 24

Sputtering Process Conditions for Example 12.

AlDC AlRF SiRF Arflow N,flow O,flow substrate
Material power (W) power (W) power (W) (sccm) (sccm)  (scem) T(C)
Si,AION,, 300 200 500 30 30 0.5 200
Sio, 50 (shutter 50 (shutter 500 30 30 3 200
closed) closed)

wavelength range from about 450 nm to about 650 nm and
color shift (with reference to a* and b* coordinates (-1, -1),
using the equation V((@* yampre=(=1))*+(b*orzppre~(=1)))
when viewed at an incident illumination angles in the range

65

Example 13 exhibited the optical properties shown in Table
22 and Table 23. Table 22 shows the reflected and transmitted
color was measured from both the anti-reflective surface and
the opposite, bare surface of the substrate (using a total reflec-
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tance or 2-sided measurement). Table 23 shows the reflected
color as measured from only the anti-reflective surface (using
a single-sided measurement).

64
TABLE 26-continued

Optical performance of Example 12, as measured
on the anti-reflective surface only.

TABLE 25 5 6° 20° 40° 60°
Istsurface s+ppol s+ppol s+ppol s+ppol
Optical performance of Example 12, as measured on the anti-reflective Iluminant reflectance avg avg avg avg
surface and including the opposite, bare surface of the substrate.
Y 2.05 1.79 1.56 4.38
Reflectance color Transmittance color zZ 1.96 1.85 2.01 4.23
10
Illuminant D65
Example 12 exhibited the hardness and Young’s modulus,
CIE x 0.2874 CIE x 0.3163 . . .
v 0.3227 v 03323 as measured on the anti-reflective surface, as shown in Table
* 30.00 * 97.26 28. Both values were measured using a Berkovich indenter as
a* -4.10 a* 0.61 15 described herein.
b* -3.19 b* 0.96
X 5.55 X 88.59
Y 6.23 Y 93.09 TABLE 27
Z 7.53 Z 98.43
Tlluminant A Measured hardness and Young’s modulus for Example 12.
CIE x 0.4235 CIE x 0.4534 20 Modulus, GPa Hardness, GPa
y 0.4082 y 0.4061
Lx 29.27 Lx 97.40 Example 12 169 17.6
ak _4.43 ik 0.76 Example 4 65 6.8
b* -4.22 b* 112
X 6.17 X 104.33 . . . .
v 505 v 93.43 55 It will be apparent to those skilled in the art that various
Z 2.45 Z 32.33 modifications and variations can be made without departing
Uluminant T2 from the spirit or scope of the invention.
CIE x 0.3567 CIE x 0.3820 ] ] ]
y 0.3623 y 0.3690 What is claimed is:
L* 29.34 L* 97.38 30 1. An article comprising:
a* -3.03 a* 0.45 b havi : face: and
o 3% o 102 a substrate having a major surface; an
X 5.88 X 96.67 an optical coating disposed on the major surface and form-
Y 5.97 Y 93.39 ing an anti-reflective surface, the optical coating com-
z 4.63 z 63.00 prising an anti-reflective coating,
35 thearticle exhibiting a maximum hardness of about 12 GPa
or greater as measured on the anti-reflective surface by a
TABLE 26 Berkovich Indenter Hardness Test along an indentation
depth of about 100 nm or greater;
Optical performance of Example 12, as measured wherein the article exhibits a single side average light
on the anti-reflective surface only. 40 reflectance measured at the anti-reflective surface of
o . .
6 200 40° 60° about 8% or less over an optical wavelength regime in
Istsurface s+ppol s+ppol s+ppol  s+ppol the range from about 400 nm to about 800 nm and either
Illuminant reflectance avg avg avg avg one or both of:
D63 article transmittance color coordinates in the (L*, a*, b*)
45 colorimetry system at normal incidence under an
CIE x 02422 0.2383 0.2356  0.2732 International Commission on [llumination illuminant
y 0.3095 03047 0.2694  0.2944 exhibiting a reference point color shift of less than
L* 17.12 15.88 13.99 25.12 b f f . d at th
e _8.84 _8.55 343 127 about 2 from a reference point as measured at the
b ~6.00 _6.48 ~10.16 781 anti-reflective surface, the reference point comprising
X 1.82 1.62 1.51 4.13 50 at least one of the color coordinates (a*=0, b*=0) and
Y 2.33 2.08 1.73 4.45 the transmittance color coordinates of the substrate,
Z 3.37 3.11 3.18 6.54
A and
article reflectance color coordinates in the (L*, a*, b*)
CIE x 0.3640  0.3610 0.3608  0.4067 colorimetry system at normal incidence under an
v 04136 04058 03765 03953 55 International Commission on Illumination illuminant
I;* _}g'gg ig'gg ﬁ 'gg ﬁ'ig exhibiting a reference point color shift of less than
b 2826 927 _12.66 _8.67 about 5 from a reference point as measured at the
X 1.78 1.59 1.44 433 anti-reflective surface, the reference point comprising
3Z( f-g; }-gg }& ;‘ﬁ at least one of the color coordinates (a*=0, b*=0), the
2 : : : : 60 color coordinates (a*=-2, b*=-2), and the reflectance
color coordinates of the substrate,
CIE x 03111 03071 0.3038  0.3390 wherein, when the reference point is the color coor-
y 03523 03412 0.3045 03362 dinates (a*=0, b*=0), the color shift is defined by
L* 15.73 14.37 13.00 24.88 Vi(a* 2, (h* 2
a% —6.94 _5.85 —1.41 -1.37 ((a arﬁcle) +( arﬁcle) )s . .
b _641 763 _11.68 _8.55 65 wherein, when the reference point is the color coor-
X 1.81 1.61 1.56 441 dinates (a*=-2, b*=-2), the color shift is defined

by \/((a*arﬁcle+2)2+(b*arﬁcle+2)2)s and
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wherein, when the reference point is the color coor-
dinates of the substrate, the color shift is defined by
\/((a*article_a*substrate)z+(b*arﬁcle_b*substrate)z)'

2. The article of claim 1, wherein the article exhibits an
angular color shift of about 5 or less at an incident illumina-
tion angle that is 20 degrees or greater, referenced to normal
incidence, under an International Commission on Illumina-
tion illuminant selected from the group consisting of A series
illuminants, B series illuminants, C series illuminants, D
series illuminants, and F series illuminants, wherein angular
color shift is calculated using the equation V((a*,—-a*, )+
(b*,-b* )?),witha* , and b*, representing the coordinates of
the article when viewed at normal incidence and a*,, and b*,
representing the coordinates of the article when viewed at the
incident illumination angle.

3. The article of claim 2, wherein the article exhibits an
angular color shift of about 5 or less at all incident illumina-
tion angles in the range from about 20 degrees to about 60
degrees.

4. The article of claim 2, wherein the substrate has a hard-
ness less than the maximum hardness of the article.

5. The article of claim 1, wherein the article exhibits an
abrasion resistance after a 500-cycle abrasion using a Taber
Test on the anti-reflective surface comprising any one or more
of

about 1% haze or less, as measured using a hazemeter
having an aperture, wherein the aperture has a diameter
of about 8 mm,

an average roughness Ra, as measured by atomic force
microscopy, of about 12 nm or less,

a scattered light intensity of about 0.05 (in units of 1/stera-
dian) or less, at a polar scattering angle of about 40
degrees or less, as measured at normal incidence in
transmission using an imaging sphere for scatter mea-
surements, with a 2 mm aperture at 600 nm wavelength,
and

a scattered light intensity of about 0.1 (in units of 1/stera-
dian) or less, at a polar scattering angle of about 20
degrees or less, as measured at normal incidence in
transmission using an imaging sphere for scatter mea-
surements, with a 2 mm aperture at 600 nm wavelength.
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6. The article of claim 1, wherein the anti-reflective coating
comprises a plurality of layers, wherein the plurality of layers
comprises a first low RI layer, and a second high RI layer.

7. The article of claim 6, wherein the anti-reflective coating
comprises a plurality of periods such that the first low RI1ayer
and the second high RI layer alternate.

8. The article of claim 7, wherein the anti-reflective coating
comprises up to about 10 periods.

9. The article of claim 1, wherein the single side average
light reflectance is about 2% or less over the optical wave-
length regime at a viewing angle in the range from about 6
degrees to about 40 degrees.

10. The article of claim 1, wherein the substrate comprises
an amorphous substrate or a crystalline substrate.

11. The article of claim 10, wherein the amorphous sub-
strate comprises a glass selected from the group consisting of
soda lime glass, alkali aluminosilicate glass, alkali containing
borosilicate glass and alkali aluminoborosilicate glass.

12. The article of claim 11, wherein the glass is chemically
strengthened and comprises a compressive stress (CS) layer
with a surface CS of at least 250 MPa extending within the
chemically strengthened glass from a surface of the chemi-
cally strengthened glass to a depth of layer (DOL) of at least
about 10 um.

13. The article of claim 1, further comprising an easy-to-
clean coating, a diamond-like coating or a scratch-resistant
coating disposed on the optical coating.

14. The article of claim 1, wherein the optical coating
comprises a scratch resistant layer having a thickness in the
range from about 1 micrometer to about 3 micrometers.

15. The article of claim 14, wherein the anti-reflective
coating is disposed between scratch resistant layer and the
substrate.

16. The article of claim 14, wherein the scratch resistant
layer is disposed between the substrate and the anti-reflective
coating.

17. The article of claim 14, wherein the anti-reflective
coating comprises a first portion and a second portion, and
wherein the scratch resistant layer is disposed between the
first portion and the second portion.

#* #* #* #* #*



